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Physiology of Induced Catalase Synthesis 
in Rhodopseudomonas spheroides 


RODERICK K. CLAYTON 
Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 


Synthesis of catalase is induced in Rho- 
dopseudomonas spheroides by aeration 
(Clayton, 60a). It will be shown in this 
paper that H2O: is a more effective inducer 
than O2, and that induction by air involves 
H:.O. as an intermediate. Some aspects of 
the kinetics of induction will be described. 
Evidence will be presented that strong 
illumination causes a conversion of O: to 
H.O, in Rps. spheroides; this phenomenon 
will be discussed in relation to the photo- 
dynamic killing of the blue-green mutant 
of Rps. spheroides (Sistrom et al., 56). 


METHODS 


Rps. spheroides, strain 2.4.1, was grown 
anaerobically in the light in a synthetic 
medium described earlier (Clayton, 60a). 
Cultures in exponential growth [0.3—-1.4 
mg (dry mass)/ml] were used directly for 
induction experiments. ‘Stationary cul- 
tures, limited by depletion of carbon 
sources, were diluted fourfold with dis- 
tilled water before use (final density 0.5 
mg/ml) to improve their optical trans- 
mission. These will henceforth be called 
young and mature cultures, respectively. 
The generation time of a young culture 
was about 5 hours, so that in an experi- 
ment lasting 1 hour the cell density did 
not increase greatly. 

To begin an experiment the suspen- 
sions were dispensed into 30-ml test tubes, 
Wuminated, and bubbled with oxygen-free 
nitrogen. Chemicals could then be added 
and samples withdrawn for assay at inter- 
vals. Oxygen generated by the addition of 
H.O, was swept out rapidly by the nitrogen 
in this arrangement. A trace of air did 
snter the open test tubes, but its effect 
sould be eliminated or taken into account 
(see the section “Light as a variable in the 
system”). lumination was altered by 
changing the voltage applied to two 150- 


watt, 115-volt lamps situated 4 inches apart 
and 6 inches from the test tubes. Unless 
otherwise specified, the lamps were oper- 
ated at 22 volts with mature cultures and 
at 70 volts with young cultures. Tempera- 
tures of the suspensions ranged from 25° 
to 28°C during an experiment. 

Catalase was assayed by the iodometric 
titration described earlier (Clayton, ’59). 
Peroxidase-like activity (Clayton, ’60b), 
which becomes important at H.O. concen- 
trations less than about 100 uM, was 
measured by the luminol assay as de- 
scribed by Dolin (’59). No other peroxide- 
destroying agents are found in Rps. spher- 
oides (Clayton, ’60b). 

Cell suspension density was measured 
turbidimetrically at 680 mu. 


RESULTS 
Effectiveness of several inducers 


It was noted in an earlier paper (Clay- 
ton, 60a) that air is a much more effec- 
tive inducer of catalase synthesis in ma- 
ture cultures of Rps. spheroides than in 
young cultures. The responses of young 
and mature cultures to aeration and also 
to the addition of H.O. are shown in figure 
1, in which catalase content is plotted 
against time. “Air” denotes continuous 
aeration; H.O. was added as a single dose 
to an initial concentration of 40 uM. This 
amount was established to be saturating 
for induced catalase synthesis when given 
as a single addition. 

Aeration produced an O: concentration 
of about 240 uM in the suspension. H:Ok., 
present initially at a concentration of 40 
uM, had a measured half life of less than 
1 minute in the suspension. H:O: is there- 
fore a much more effective inducer than O.. 


1Qperated by Union Carbide Corporation for 
the United States Atomic Energy Commission. 
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— exposure to air. Experiments illustrating 
these departures were performed with ma- 
We ture cultures; several inducing regimes 
were used at various light intensities. For 
measurement of growth rate, the cultures 
were diluted with growth medium instead 

of water. 

Results are shown in figure 2, where the 
catalase synthesized during 1 hour is 
plotted against light intensity (the succes- 

3 sive lamp voltages on the abscissa cor- 
respond very roughly to threefold increases 
in illumination). Maximal catalase syn- 
thesis was attained by adding HO: con- 

tinuously at a rate of 12.5 uM/minute 


ane [fie ane (curve A); the rate of synthesis was then 
eS nearly independent of light intensity over 
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Fig. 1 Induced catalase synthesis in young 
and mature cultures of Rps. spheroides, using air 
and H2O2 as inducers. “Air” denotes continuous 
aeration from t=0O. H2O2 was added to a con- 
centration of 40 uM at t=0. 
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The relatively poor inducibility of young 
cultures is striking when air is the inducer. 
With H:O. as the inducer, the difference 
between young and mature cultures is 
much less pronounced. 

Succinic peroxyacid,? one of the most 
effective radiomimetic organoperoxides, is 
not a substrate of catalase and is ineffective 
as an inducer. Methyl hydrogen peroxide DARK 


NEW CATALASE [(1g/mg dry cell mass) in4 hr] 
° fo) 
5B a 


{e) 
i) 


at a concentration of 700 uM induced the Bee 
same amount of catalase synthesis as 40 oon 
uM H.O,. This could easily have been = goo 
caused, however, by H2O2 present as an im- os ae err reo ee 
purity in the CH;OOH. ek LAMP VOLTS ee 
ROOM LIGHT ONLY 
Light as a variable in the system Fig. 2 Effect of light intensity on induced! 


] ; . catalase synthesis in mature Rps. spheroides.. 
The induced synthesis of catalase in Each step of the abscissa represents crudely a1 


Rps. spheroides involves de novo synthesis _ threefold increase in illumination. For curves: 
of protein (Clayton, ’60c) and hence re- “A= es es i TO. eens synthesized in: 
‘ z 3 one hour. Curve A, H2O2 added at a rate of 12.53 
quires energy. Under vigorous aeration this uM/minute to a suspension bubbled with No; B,, 
energy can be provided through respira- HO, added in a single dose to a concentration oft 
tion, but a more rapid induced synthesis 20 «M; C, suspension bubbled with air instead oft 
can be attained when light furnishes the ae " asa ieee Aspe a Mas ae 1%) 
: ee Qa, ion kept in a sealed tube for strict 
ee eae | er ce Within  anaerobicity. The ordinate of curve F is growthn 
its, the rates of Induced Catalase Ssyn- rate measured as the increase in In (cell mass)) 
thesis and growth show the same sort of during one hour. For measurement of growth the: 
light-saturation curve. Departures from Typo Gi ed with growth medium 
this parallelism were found, however, un- ae * 


der certain conditions of illumination and ? Donated by Dr. P. Demerseman 
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the range 22-90 volt (lamp voltage). 
Growth rate (curve F) was correspond- 
ingly light-saturated over this range. Sus- 
pensions bubbled with N, or with N. + 1% 
air (curve D) showed negligible induced 
catalase synthesis at a light intensity that 
was just saturating for growth (22 volts) 
but considerable induction under strong il- 
lumination (90 volts). In a rigorously an- 
aerobic suspension*® (curve E), there was 
no induction at the highest light intensity. 
Strong light therefore potentiates the in- 
ducing effect of traces of O: (entering at 
the top of a tube bubbled with N.), but 
does not act by itself as an inducer. The 
inducing effect of H.O. added in a single 
20 uM dose (curve B) parallels the growth 
curve, with the potentiating action ofstrong 
light superimposed. The response to con- 
tinuous aeration (curve C) is somewhat 
different. In the dark, respiration provides 
energy for some induced catalase synthesis. 
As the light intensity is raised, induced 
synthesis increases and then declines as 
the saturating intensity for growth is ex- 
ceeded. The curve rises again when the 
potentiating action of strong light becomes 
effective. The decline in the effectiveness 
of air at an intermediate light intensity can 
be related to the fact that light in this 
range suppresses respiration in Rps. sphe- 
roides (Clayton, 55, 60a). Thus, if O: 
acts as an inducer by generating intra- 
cellular H:O. (see the next section), its 
effectiveness will be reduced when respira- 
tion is retarded. 

On the basis of these results, the in- 
ducing effects of H.O. and air could be 
studied in mature cultures, without inter- 
ference from the potentiating action of 
strong light, at a lamp setting of 22 volts. 
The “trace-O, plus strong light” effect could 
be studied in N:-bubbled suspensions with 
the lamp at 90 volts. The foregoing applies 
to cultures adjusted to a cell suspension 
density of 0.5 mg/ml. 

Essentially similar results were obtained 
with young cultures of density 0.5 mg/ml, 
except that the responses to aeration and 
to “trace-O, plus strong light” were rela- 
tively much smaller. These differences will 
be discussed in a later section. In the 
young cultures, growth rate was saturated 
at a lamp setting of 70 volts. 


Light absorbed by bacteriochlorophyll is 
effective in potentiating the induction by 
traces of O.. This was demonstrated with 
filtered light ranging from 710 to 1150 mu 
(Corning no. 2600 filter) and also with 
sodium light of wave length 589 mu. 


Peroxide as an intermediate in the 
induction by oxygen 


Since inducers of enzyme synthesis are 
usually substrates of the corresponding 
enzymes, it is plausible to suppose that air 
induces catalase synthesis in Rps. spher- 
oides through its intracellular conversion 
to H:O.. This view is strengthened by the 
fact that H.O. is a much more effective 
inducer, mole for mole, than O:. The re- 
duced effectiveness of air at a light inten- 
sity that inhibits respiration is also sug- 
gestive. In the light of this hypothesis the 
inducing action of air should be enhanced 
by substances that interfere with the de- 
struction of intracellular peroxide. Chan- 
trenne (755) has shown that sodium azide, 
which inhibits catalase, augments the 
effectiveness of air as an inducer of catal- 
ase synthesis in yeast. 

At pH 7, 3 uM azide inhibits the catalase 
of Rps. spheroides more than 90%, but 
growth over a period of three hours is not 
affected. Azide at this concentration 
should therefore potentiate the inducing 
action of H.O: to the extent that inactivat- 
ing the catalase prolongs the presence of 
the H.O.. The same potentiation should 
occur when O, is the inducer if O: acts 
through its conversion to H:O:. 

Rps. spheroides contains, in addition to 
catalase, a peroxidase-like activity insensi- 
tive to 3 uM azide (Clayton, 60b). This 
“peroxidase” activity obeys Michaelis- 
Menten kinetics: the rate at which it 
destroys H:O: is proportional to peroxide 
concentration up to about 10 uM, is half- 
maximal at 28 uM H.O2, and is nearly in- 
dependent of H.O. concentration above 
about 100 uM. The “peroxidase” activity 
of Rps. spheroides is not changed by ex- 
posure to O2 or H.O., in contrast to the in- 


3 Rigorous anaerobicity was achieved by grow- 
ing, diluting, and illuminating a culture in a 
sealed tube having no gas phase. The growing 
culture and the diluting water were separated by 
a Saran membrane that was ruptured at the start 
of the experiment. 
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Fig. 3 Relative importance of catalase and a 
peroxidase-like activity in Rps. spheroides for the 
destruction of H.O:2, at concentrations of H2O: less 
than 10 wM. The abscissa is the rate of peroxide 
destruction in a cell suspension of density 1 mg 
(dry cell mass)/ml containing 1 uM HO». Pre- 
induced cultures had been treated with H2O2 
sufficient to induce a tenfold increase in catalase 
content. 


ducible catalase. The relative importance 
of “peroxidase” and catalase in dealing 
with H:O.2 can therefore be altered by in- 
ducing catalase synthesis to different de- 
grees. The relative contributions of “perox- 
idase” and catalase activities to the 
destruction of peroxide, at H.O, concentra- 
tions less than 10 uM, are shown in figure 
3 for young and mature cultures unin- 
duced and induced to a tenfold increase in 
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catalase content. In uninduced cultures, 
catalase contributes relatively little to the 
destruction of H:0.; any effect of azide 
should therefore be correspondingly slight. 

During exploration of the effect of azide 
on the induction of catalase synthesis in 
Rps. spheroides, cultures were treated with 
3 uM NaN; and the inducer (air or perox- 
ide) was introduced 10 minutes later. Af- 
ter one hour the cultures were washed 
twice to remove the azide, and their catal- 
ase content was assayed. Control cultures 
received no azide. Preinduced cultures, of 
higher initial catalase content, were ob- 
tained by adding small amounts of H:O:2 5 
hours before the start of the experiment. 
In every case the catalase and “peroxidase” 
activities were assayed at the start of the 
experiment. Results of these experiments 
are shown in table 1. The second column 
gives the ratio of catalase activity to total 
H.0.-destroying activity, and the third col- 
umn gives the corresponding effect of azide 
in prolonging the presence of H:O2 by in- 
activating the catalase. The last column 
gives the ratio of newly synthesized catal- 
ase in the presence of azide to that in the 
absence of azide. 

Regardless of the inducer (H:O:, air, or 
trace-O: plus strong light), azide enhances 
the induced synthesis of catalase. The ex- 


TABLE 1 


Effect of sodium azide (3 uM) on the induced syn 


thesis of catalase in Rhodopseudomonas spheroides! 


Ratio: 
Catalase activity/ 
total activity2 


Type of culture (with azide) / 


(without azide 


Young, uninduced 0.135 1.16 
Young, preinduced 0.43 175 
Mature, uninduced 0.23 1.30 
Mature, preinduced 

slightly 0.39 1.64 
Mature, preinduced 0.69 3.23 


Ratio: 
Half life of H2O2 
half life of H2O2 


Ratio: 
New catalase 
(with azide) / 
new catalase 
(without azide) 


Inducer 


) 


Continuous aeration 1.14 
{ Continuous aeration 1.36 
) 204M H20, 1.38 
None No induced catalase 
5 minutes aeration ieSWe 
6 uM H2O2 Dea7. 
Trace-O2; lamp at 70 volts oS 
10 minutes aeration 1.67 
10 minutes aeration 2.38 
6 uM H2O02 2.44 
Trace-O:; lamp at 70 volts 1.79 


1 NaNs3 (3 «M) was added to young and mature 


cultures of Rps. spheroides, uninduced or pre- 


induced to a higher catalase content. After 10 minutes, the inducer was added; catalase was 
assayed initially and after one hour. The second column shows the ratio of catalase activity to 
total peroxide-destroying activity (catalase plus a peroxidase-like activity) in cells without azide. 
The third column shows the corresponding effect of 3 uM azide (which inactivates catalase selec- 
tively) on the rate of peroxide destruction. 

2 Catalase plus “peroxidase.” 
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tent of this enhancement is in good agree- 
ment with the extent to which azide pro- 
longs the presence of H.O: by inactivating 
catalase. This correlation provides sound 
evidence that HO. is an intermediate in 
the induction of catalase synthesis in Rps. 
spheroides when air, or trace-O: plus strong 
light, is the inducer. 

On the basis of this conclusion, strong 
light potentiates the inducing action of 
traces of O: by accelerating the conversion 
of O, to H.0:. Light absorbed by bacterio- 
chlorophyll is effective in this respect (see 
“Light as a variable in the system”). 

Sodium azide is not itself an inducer of 
catalase synthesis in Rps. spheroides (see 
row 4, table 1). 


Steady-state kinetics of induced 
catalase synthesis 


When HO. is added continuously to a 

suspension of Rps. spheroides, an approxi- 
mation to a steady state is achieved in 
which the H.O.2 concentration is nearly 
constant. The rate of induced catalase 
synthesis can then be measured as a func- 
tion of H.O. concentration. 
_ At concentrations of H.O: less than about 
10 uM, the rate of destruction of H.O2 by 
Rps. spheroides is proportional to the 
peroxide concentration; it is equal to 
(k. + k,) [H2O2], where k. and k, represent 
the activities of catalase and “peroxidase,” 
respectively (Clayton, *60b). If H:O: is 
added continuously at a rate k, uM sec™’, 
and is destroyed as rapidly as it is added 
(steady state), then 


Pee 1) [H.031 or 1,03] = 


ke + kp * 
qd 


In this equation k. and k, are expressed 
in sec~', the units of ko are uM sec™’, and 
so [H:O.] is in uM. For a true steady state, 
ko and k, + k, should be constant. In these 
experiments k, and k, were constant, but k. 
increased gradually as new catalase was 
synthesized. At the start of an experiment, 
however, k, was three to 10 times as great 
is k.. Consequently, the sum of k. and kp 
yaried so slowly that, for all practical pur- 
y0ses, a steady state was attained. 

These experiments were performed, 
hen, by adding H.O: to an illuminated sus- 
yension of Rps. spheroides at a constant 


rate and assaying the activities of catalase 
and “peroxidase” over a period of about 
two hours. The rate of peroxide addition 
ranged from 0.001 to 3 uM/sec, producing 
steady-state HO. concentrations from 
about 0.05 to 30 uM. The data were proc- 
essed to yield rate of induced catalase syn- 
thesis as a function of H.O: concentration; 
results are shown in figure 4 (the meaning 
of the lines marked “A” and “L” will be 
discussed later in this section). 

Both young and mature cultures attained 
a maximum rate of catalase synthesis at 
1—2 uM H.O:; higher concentrations were 
inhibitory. The maximum rate of synthesis 
amounted to about 6 molecules of new 
catalase per cell per minute. The maxi- 
mum response of a young culture is some- 
what greater than that of a mature culture. 


| r 
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Fig. 4 Rate of catalase synthesis induced by 
H202 in young and mature cultures of Rps. spher- 
oides, as a function of H:O2 concentration. H2O2 
was added continuously to an illuminated cell 
suspension to establish a steady state. H2O2 con- 
centration is plotted logarithmically. Rates of 
catalase synthesis induced by aeration are shown 
by the horizontal lines labeled A. The H2O2 con- 
centration which is equivalent to continuous 
aeration is obtained from the intersection of line 
“A” with the appropriate curve (“mature” or 
“young”). This equivalent H2O2 concentration is 
written along a vertical line meeting line “A” at 
the curve. The inducing effect of a trace of O2 
plus strong illumination is shown similarly, the 
horizontal lines being labeled “L.” 
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The relative insensitivity of young cultures 
to aeration and to small single doses of 
H.O, therefore has nothing to do with the 
cells’ inability to make enzyme. The dif- 
ference between young and mature cul- 
tures is related, rather, to the kinetics of 
catalase synthesis at low peroxide concen- 
trations: the response declines abruptly 
below 1 uM H.O:; in young cultures but not 
in mature ones. 

The mature cultures in all these experi- 
ments had been diluted fourfold with 
H.O; the possibility must therefore be con- 
sidered that, in a prolonged experiment, 
the rate of catalase synthesis became 
limited through exhaustion of endogenous 
reserves of amino acids. Figure 5 shows 
that this limitation did not actually become 
serious. Here the time course of catalase 
synthesis is plotted for mature and young 
cultures exposed to H.O. added at a rate 
of 15 uM/minute. In the mature culture, 
the rate of catalase synthesis declined little 
in 6 hours. The more rapid decline in the 
young culture occurred when, as a result 
of catalase synthesis, the concentration 
of H.O, fell below about 1 uM (see fig. 4). 

Since H.O. is an intermediate in the 
induction by O:, the rate of catalase syn- 
thesis under continuous aeration will re- 
flect the corresponding intracellular H:O: 
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Fig. 5 Time-course of catalase synthesis in 
young and mature cultures of Rps. spheroides, 
induced by continuous addition of H,O. at a 
rate of 15 uM/minute. 


concentration. This concentration will de- 
pend on the rate at which H.O2 is gen- 
erated and destroyed and hence on the 
enzymic constitution of the cells. For the 
cultures used in these experiments, the 
rates of catalase synthesis after 30 minutes 
of aeration are shown by horizontal lines 
marked “A” in figure 4. The correspond- 
ing intracellular H.O. concentrations, de- 
duced from the curves, are 0.17 uM for a 
mature culture and 0.50 uM for a young 
culture. The values of k. + k, [see eq. (1)] 
were 0.050 and 0.021 for the mature and 
young cultures, respectively. Then from 
equation (1) the rate at which H.O. was 
generated, k,, was 0.050 X 0.17 or 0.0085 
uM/sec in the mature culture and 0.0105 
uM/sec in the young culture. Cell suspen- 
sion densities were 0.5 mg/ml. For the 
reaction O2 + 2H.O -» 2H:2O:, the rates of 
oxygen uptake corresponding to these rates 
of peroxide formation were 0.68 and 0.84 
ul mg~* hour~? (mature and young cul- 
tures, respectively). The Qo. observed 
manometrically in such cultures ranged. 
from about 50 to 100 ul mg™ hour”; on. 
the basis of these calculations about 1% 

of the assimilated O. appeared as free: 
H2O.. 

The response to a trace of O: plus strong; 
light is shown by the lines marked “L” int 
figure 4; the corresponding H:O: concen-- 
trations for mature and young cultures are: 
0.25 and 0.77 uM. This accelerated forma- 
tion of H.O. is fully saturated at an O, 
concentration of about 3 uM, correspond 
ing to saturation with N.+ 1% air. 


DISCUSSION 


The foregoing data have indicated that, 
in strong light, O2 is converted with hig 
efficiency to H.O: in Rps. spheroides. Light 
absorbed by bacteriochlorophyll is effec- 
tive; the phenomenon appears at an in- 
tensity somewhat higher than that whic 
is saturating for growth (i.e., for photo 
synthesis). This process is by definitio 
a photooxidation sensitized by bacterio+ 
chlorophyll. Another photooxidative effect : 
mediated by bacteriochlorophyll, is th 
killing of the blue-green mutant of Rps} 
spheroides (Sistrom et al., 56). These tw 
phenomena may well be different manii 
festations of the same process; there is 
considerable evidence (Blum, ’41) thai 
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photosensitized oxidations of biological 
materials involve an efficient conversion of 
O: to H.0:. Comparative studies of the 
blue-green mutant and wild type Rps. 
spheroides should reveal whatever relation 
exists between photooxidative killing and 
HO; formation. 

The data of this paper indicate that 
HO; is a highly effective inducer of catal- 
ase synthesis in Rps. spheroides, whereas 
organic peroxides (e.g., methyl hydrogen 
peroxide and succinic peroxy-acid) are 
nearly or completely ineffective. Induction 
of catalase synthesis in Rps. spheroides 
seems therefore to be a sensitive and highly 
specific test for H.O2. This biological assay 
may prove useful in distinguishing be- 
tween H;O, and organic peroxides formed 
when organic systems are exposed to ioniz- 
ing radiations. 


SUMMARY 


In growing and in stationary cultures of 
Rps. spheroides, synthesis of catalase is 
induced at a maximal rate (about 6 mole- 
cules/cell/minute) by H.O2 at a steady- 
state concentration of 1-2 uM. In growing 
cultures the rate of induced synthesis de- 
clines abruptly as the steady-state H:O: 
~ concentration falls below 1 uM; the decline 
in rate is more gradual in stationary cul- 
tures. The effect of NaN; shows that H:0: 
is an intermediate when O: is the inducer. 
Saturation with air [(O2) = 240 uM] pro- 
duces the same effect as a sustained H:.O: 


concentration of 0.17-0.5 uM. Methyl 
hydrogen peroxide and succinic peroxyacid 
have little or no effect as inducers. 

Strong light potentiates the inducing 
effect of traces of O.; 3 uM O2 in strong 
light is equivalent to 0.25—0.77 uM H.O.. 
This effect is mediated by bacteriochloro- 
phyll-absorbed light and involves H:.O,: as 
an intermediate. 
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An Intermediate Stage in the H,O,-Induced Synthesis 
of Catalase in Rhodopseudomonas spheroides 


RODERICK K. CLAYTON 
Biology Division, Oak Ridge National Laboratory,! Oak Ridge, Tennessee 


Catalase synthesis is induced by HO, in 
Rhodopseudomonas spheroides. Some as- 
pects of the kinetics of this phenomenon 
have been described in a recent paper 
(Clayton, ’60c); it was shown that H.O, is 
also an intermediate when O: is used as the 
inducer. Evidence will be presented here 
that H.O. generates, in Rps. spheroides, 
an internal substance or condition that pro- 
motes catalase synthesis. The formation 
and stability of this internal inducer will 
be described. 


METHODS 

Rps. spheroides, strain 2.4.1, was culti- 
vated anaerobically in the light as de- 
scribed earlier (Clayton, 60a). Stationary- 
phase cultures, of density 2 mg (dry cell 
mass )/ml, were used for all experiments 
unless otherwise specified. The cultures 
were placed in vessels that could be illu- 
minated (to provide energy through photo- 
synthesis) and bubbled with O.-free Nz. 
H.O2 was added to a suitable initial con- 
centration and the time course of catalase 
synthesis was observed. 

Cell suspension density, catalase con- 
tent, and a peroxidase-like activity were 
assayed as described in earlier papers 
(Clayton, ’60a,b,c). The assays for catal- 
ase and “peroxidase” involved measure- 
ment of H:O, destruction in cell suspen- 
sions over a wide range (3-10 mM) of 
H.O; concentration. On the basis of these 
assays, the rate of destruction of H:O: in 
the actual experimental situations could 
be computed with a precision of about 
210%. 

RESULTS 
The time course of catalase synthesis after 
a single addition of H:Oz 

The time course of catalase synthesis in 
Rps. spheroides, after addition of H:O: to 
an initial concentration of 4-40 uM, is 
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Fig. 1 Time-course of catalase synthesis in 
Rps. spheroides, induced by H2O2 added as a single 
dose. The doses (initial H.O2 concentration) and 
cell suspension densities (mg dry cell mass per 
ml) are written along the curves. Suspensions 
were illuminated and bubbled with Ne during 
the experiment. 


shown in figure 1. The cultures, some un- 
diluted and others diluted fourfold with 
H.0, were illuminated and bubbled with 
N: throughout the experiment. The es- 
sential features of the curves in figure 1 
are a lag of 7 minutes followed by a period 
of catalase synthesis lasting about 30 min- 
utes. The time course was independent of 
the initial H,O. concentration in the range 
4-40 uM, and unaltered by a fourfold 
change in cell suspension density. 

Since, in the undiluted cultures, the half 
life of H.O. was 12 sec’, after about two 
minutes the H:O: concentration was 0.04 
uM or less. A sustained H.O: concentration 
of 0.04 uM causes no measurable induction 
(Clayton, ’60c); the H:O: was therefore 
effectively destroyed within two minutes. 
The response, then, is initiated by H:2O: 
but is consummated largely after the H.O: 
has been destroyed. Exposure to H.O; has 
generated in the cells a state or a substance 


1 Operated by Union Carbide Corporation for 
the United States Atomic Energy Commission. 
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(“internal inducer,” to be denoted I;) that 
promotes the synthesis of catalase. After 
about 30 minutes, I; is no longer effective. 
A larger initial dose of HO. produces more 
I, or more effective I. But, the time dur- 
ing which I; can promote catalase synthesis 
does not depend on the amount or on the 
lifetime of the H.O. added initially. 


The stability of internal inducer at 0°C 


The inducible state that follows the addi- 
tion of H.O. to Rps. spheroides can be pre- 
served for many hours by placing the cells 
in darkness at 0°C. At room temperature 
(25°C), I, is dissipated more quickly. The 
stability of I, was investigated as follows: 
A cell suspension was illuminated and bub- 
bled with Ne. HO: was added, at the 
start of the experiment, to a concentration 
of 60 uM. After 5 minutes in the light at 
25°C under Ne, the suspension was dis- 
pensed into 3-ml glass-stoppered tubes 
leaving no air inside. The 5 minutes of 
illumination was designed to permit nearly 
complete generation of I; (as we shall see, 
this process requires energy) and to flush 
out most of the O2 evolved by the destruc- 
tion of H.0O:. Some of the tubes were 
placed immediately in the light at 25°C; 
others were placed in darkness, at 25°C or 
in ice-water. After some minutes or hours, 
the tubes kept in darkness were placed in 
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the light at 25°C. At appropriate times, 
tubes were opened and assayed for catal- 
ase. 

Results of a typical experiment are 
shown in figure 2. In the tubes placed 
directly in the light at 25°C (curve A), 
catalase synthesis proceeded as described 
earlier (cf. fig. 1). In suspensions kept in 
darkness at 25°C after the first 5 minutes 
(curve B), the time course was similar but 
the response was much smaller. Synthesis 
of catalase in these suspensions was lim- 
ited because energy was not entering the 
system. If the initial 5 minutes of illu- 
mination was omitted, synthesis of catal- 
ase was negligible in darkened suspensions 
at 25°C. Curve C shows that some syn- 
thesis of catalase occurs in suspensions 
returned to the light after 25 minutes of 
darkness. The magnitude of this response 
defines the amount’ of I, remaining at the 
end of the 25 minutes of darkness; on this 
basis the ratio of b to a (see figure 2) gives 
the relative amounts of I, after and before 
the dark period. Curve D shows that al- 
most no catalase is formed in the suspen- 


2 For convenience, I; will be referred to as a 
substance whose amount determines, under speci- 
fied conditions, the amount of subsequent catal- 
ase synthesis. I; may represent a change in con- 
figuration of the system rather than a substance. 
Its amount or extent may govern the amount of 
new catalase in a very indirect way. 
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Fig. 2 Persistence of the induced state for catalase synthesis in Rps. spheroides after addition of 


H202. Cultures were treated with H.O, 


(60 ~M) at t=O; induced synthesis of catalase then re- 


quired light as a source of energy. All suspensions were illuminated at 25°C for the first 5 minutes. 


Some were then left in the light at 25°C (curve A); 
or at 0° (curve D). Of these darkened samples, 
C and E). Increments of catalase content, upon 


for the samples of curves A and C, respectively. 


others were placed in darkness at 25° (curve B) 
some were later returned to the light at 25° (curves 
illumination, are shown by the intervals a and b 
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sions kept in darkness at 0°C. When these 
suspensions are restored to light at 25°C 
(curve E), a synthesis of catalase occurs 
that nearly equals the response of suspen- 
sions illuminated from the start. In this 
example the amount of I; was about 80% 
of its initial value after three hours of 
darkness at 0°C. 

The experiment exemplified by curves 
A, D, and E of figure 2 was repeated to 
determine the amount of I; remaining after 
various intervals of darkness at 0°C. Re- 
sults are shown in table 1 under the head- 
ing of “mature cultures.” Even after 24 
hours, almost half of the original amount 
of I, remained. Control suspensions, that 
received no H.O:, synthesized negligible 
amounts of catalase. 


TABLE 1 
Stability of the induced state for catalase 
synthesis in Rps. spheroides maintained 
at O°C in darkness after exposure 


to H2O2 

Relative magnitude of ]; 

Dark period 

Mature cultures Young cultures 

0 100 100 
20 minutes tH 95 
1 hour 16s} 90 
3 hours 80 93 
5 hours 80 80 
24 hours 43 50 


Cell suspensions were treated with H2O:, illu- 
minated and bubbled with Nez for 5 minutes, and 
then placed in darkness at O°C. Later the sus- 
pensions were returned to light at 25°C, and the 
ensuing catalase synthesis was measured. The 
amount of internal inducer (1;) remaining at the 
end of the dark period was measured by the 
amount of catalase subsequently formed. See text 
and figure 2 for further experimental details. 
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At 0°C the stability of I, is reduced by 
illumination. An experiment demonstrat- 
ing this was performed in the same way 
as the foregoing experiment, except that 
the tubes containing cell suspensions were 
placed at 0° in bright light, in dim light, 
or in darkness. “Bright” light (from a 
tungsten lamp) was saturating as a source 
of energy for growth and enzyme syn- 
thesis. “Dim” light was about one-fourth 
as intense. Results are shown in figure 3. 
Samples placed immediately in bright light 
(curve A) made twice as much catalase as 
those placed immediately in dim light 
(curve B). In the latter case the rate of 
enzyme synthesis was lower because in- 
sufficient energy was available. Samples 
kept in darkness at 0°C for 110 minutes 
and then illuminated at 25° (curve C) 
were almost as responsive as those tested 
immediately. In contrast, samples kept at 
0°C in dim or bright light synthesized little 
new catalase when brought to 25° in bright 
light (curves D and E). This attenuation 
of I, can be caused by bacteriochlorophyll- 
absorbed light. The effect was just as great 
if filtered light (710-1150 mu) or sodium 
light (589 mu) was used in place of white 
light during the “cold period”; these wave 
lengths are absorbed almost exclusively 
by bacteriochlorophyll in Rps. spheroides. 


The stability of internal inducer at 25°C 


Before proceeding further let us consider 
the way in which the amount of I; has been 
defined operationally. Once I has been 
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Fig. 3 Same as figure 2, with samples placed 
at 0°C after the first 5 minutes. After 115 minutes, 


light at 25°. “Bright” light was about 4 times as intense as 


in bright light, dim light, or darkness at 25° or 
the refrigerated samples were placed in bright 
“dim” light. 
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fully formed, its amount at any instant is 
measured by the amount of catalase that 
can be synthesized subsequently under 
standard, near-optimum conditions (at 
25°C in bright light). This definition can- 
not apply, of course, to the period during 
which I; is being formed and H:O: is dis- 
appearing. With this exception, the time 
course of catalase synthesis in the light at 
25°C (fig. 1) is by definition a description 
of the disappearance of Ii. At any instant 
the amount of I; equals the amount of catal- 
ase yet to be synthesized. Graphically, in- 
verting the curves of figure 1 gives the 
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catalase synthesis in Rps. spheroides, after addi- 
tion of H:,O.. H.O, (60 uM for mature cultures; 
30 wM for young) was added at t=O and the 
suspensions were illuminated under N: for 5 
minutes (mature cultures) or three minutes 
(young cultures). Some samples were then kept 
in the light; others were placed in darkness and 
later returned to the light. Catalase was assayed 
at intervals, as in figure 2. The temperature was 
25°C throughout the experiment. Curves A and 
C: suspensions illuminated continuously. For any 
time t, the ordinate is the amount of catalase 
synthesized after that time. This defines the 
amount of internal inducer (Ij) present at the 
time t. Units of I; are relative, referred to a maxi- 
mum of 100. Curves B and D: suspensions placed 
in darkness at 5 minutes and returned to the 
light at t. The ordinate, amount of I; remaining 
at t, is again measured by the amount of catalase 
synthesized after t, during the period of reillu- 
mination. 
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amounts of I, versus time. The latter are 
not valid during the first few minutes, 
when I; is being formed. 

Curve A of figure 2 shows the time course > 
of catalase synthesis in the light at 25°C. 
An inverted plot of this curve, with the 
ordinate expressed in arbitrary units, is 
shown in figure 4 as curve A and repre- 
sents the dissipation of I; in the light at 
25°C. The disappearance of Il in darkness 
at 25° was measured in the same way as 
at O°C (see, for example, curves B and C 
of fig. 2); this is shown by curve B of 
figure 4. It appears that at 25°C, as well 
as at 0°, illumination accelerates the de- 
struction of I. 

Curves C and D of figure 4 show the cor- | 
responding results with cultures in ex- 
ponential growth, of density 0.5 mg/ml, | 
given 30 uM H.O,2 at t=O. In the young 
cultures the lifetime of I; is less than in | 
the mature cultures, and correspondingly 
less new catalase is formed. At O°C in 
darkness, I, was found to be as stable in 
young cultures as in mature ones (see 
table 1). 


Further aspects of the sequence H:02-—> 
I; -> catalase synthesis 


The time course of catalase synthesis 
upon addition of H:O.2 involves a lag of 
several minutes; this period is also the time 
during which H.O. disappears and I; is 
generated. If a preparation containing I; is 
transferred from darkness to light, catalase 
synthesis begins without measurable delay 
(see, for example, curves C and E of fig. 2). 

The formation I; from H:O, does not re- 
quire a reaction of H:O2 with catalase. If 
the catalase already present in uninduced 
Rps. spheroides is inactivated with sodium 
azide, H:0. becomes a more efficient in- 
ducer (Clayton, ’60c). The efficiency of 
H;O: as an inducer is less in cells that 
have been preinduced to a higher initial 
catalase content. Catalatic destruction of 
ae therefore detracts from the formation 
O ie 

The disappearance of I, is not related 
stoichiometrically to the formation of new 
catalase. At 0°C in the light, for example, 
I, is destroyed rapidly but the synthesis of 
catalase is very slow. Moreover, a compari- 
son of curves A and B of figure 3 shows a 
large difference in the rates of catalase 
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synthesis but no difference in the time- 
ee and hence in the rate of dissipation 
MT ti. 

The formation of I; requires energy. If 
4202 is added to a suspension of Rps. 
spheroides and the first few minutes, when 
HO» is still present, are spent in darkness, 
relatively little I, is formed. This was dem- 
mnstrated as follows: Iluminated suspen- 
sions, bubbled with N:2, were treated with 
HO: and placed immediately in darkness 
at 25°C. After an interval of 1—75 minutes, 
the suspensions were returned to the light 
at 25°, and the ensuing synthesis of catal- 
ase was measured. This measure of Ii is 
plotted against the duration of the dark 
interval in figure 5. The curves of figure 
5 fall abruptly in the range 0—5 minutes of 
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Fig. 5 Experimental details as in figure 4, 
2xcept that all samples were placed in darkness 
at t=O, immediately after H2O2 was added. 
Samples were returned to the light after time t; 
the ordinate is the amount of catalase synthesized 
(in relative units) during the period of illumina- 
‘ion after t. 
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Fig. 6 Scheme representing the formation and 
lissipation of the induced state, or internal in- 
jucer (1,), in the H,O.-induced synthesis of catal- 
ise in Rps. spheroides. 


darkness, and then decline gradually. The 
abrupt drop coincides with the time the I, 
could be formed from HO; and shows that 
relatively little I. was formed in darkness. 
If the dark interval was terminated while 
H:0: was still present (e.g., after one min- 
ute), some I; was formed during the sub- 
sequent period of illumination. In inter- 
preting figure 5, one must appreciate that 
the ordinate represents not only the amount 
of I; present at the time t (end of dark 
period) but also the I; that was formed 
subsequently, in the light. 


DISCUSSION 


The foregoing results are summarized by 
the scheme shown in figure 6. H.O: is de- 
stroyed rapidly by catalase and a peroxi- 
dase-like activity; while present it promotes 
an energy-dependent formation of I;. In 
turn, I, promotes an energy-dependent syn- 
thesis of catalase from amino acids [de 
novo synthesis of the catalase-protein has 
demonstrated; (Clayton, 60d)]. I: is de- 
stroyed at a rate independent of the rate 
of induced catalase synthesis. The process 
of destruction of I, is probably enzymatic, 
since it is blocked at 0°C. At O° in dark- 
ness, I; can be preserved for many hours. 
The destruction of I; is accelerated by bac- 
teriochlorophyll-absorbed light, and may 
therefore require energy. Mole for mole, 
H.0: is not an efficient inducer of catalase 
synthesis; about 30,000 molecules of H.O. 
must be added for each molecule of catal- 
ase formed. Thus, if H.O. — I, represents 
a chemical reaction, the destruction of 
H.O: by catalase and “peroxidase” is far 
more probable. The imbalance is even 
greater if one molecule of I: can catalyze 
the formation of many molecules of catal- 
ase. 

In stability or detectability of an internal 
inducer [in Pollock’s terminology, an or- 
ganizer (Pollock, °53)], this system is in- 
termediate between the induction of 6- 
galactosidase in Escherichia coli, where 
synthesis of the enzyme stops as soon as 
the external inducer is withdrawn (Cohn, 
57), and the induction of penicillinase in 
Bacillus cereus where synthesis continues 
for many cell generations in the absence of 
external inducer (Pollock, ’59). 

Whether I; represents an inducer or the 
antagonist of a repressor is an open ques- 
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tion. If I, is the antagonist of a repressor, 
the dissipation of I, can be identified as 
the formation of more repressor. In these 
terms some aspects of the kinetics of dis- 
appearance of I, are more easily under- 
stood. The faster disappearance of I in 
young cultures can reflect the more vigor- 
ous synthesis of repressor in these cultures. 
At 0°C in darkness the formation of new 
repressor ceases and I, remains effective 
for hours. Illumination at O° provides 
energy for a slow synthesis of new repres- 
sor, and I; loses its effectiveness. 

In conclusion, I; is not necessarily a sub- 
stance, but if it is, one can hope to isolate 
it, demonstrate its effectiveness as an in- 
ducer, and identify it. 


SUMMARY 


When H:O. (4-60 uM) is added to a 
moderately dense suspension (0.5—2.0 mg 
dry cell mass/ml) of Rps. spheroides, the 
H.O; is destroyed within a few minutes by 
catalase and peroxidase-like activities. 
While H:O: is present, it generates an in- 
duced state or an inducing substance (I) 
that promotes catalase synthesis for 15—40 
minutes. Formation of I, requires energy. 


RODERICK K. CLAYTON 


I, is preserved for many hours at 0°C in 
darkness; light accelerates its dissipation. 
The formation of I: does not require a re- 
action between H.O, and catalase, and its 
destruction is not related stoichiometrically 
to the synthesis of new catalase. The time 
course of induced catalase synthesis ap- 
pears to reflect the formation and dissipa- 
tion of I. 
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Electrical Properties and Activities of Single 
Sympathetic Neurons in Frogs' 


S. NISHI anp.K. KOKETSU 


Research Laboratories, Department of Psychiatry, University of Illinois 
College of Medicine, Chicago, Illinois 


The electrical properties and the activ- 
ities of single sympathetic neurons have 
not previously been explored intracellularly 
in detail because of the tough connective 
tissue dispersed throughout the ganglion 
and because of the smallness of the neuron. 
In spite of the technical difficulties in in- 
serting the microelectrode into the cell, 
Eccles (55) has succeeded in recording 
intracellularly the electrical responses of 
ganglion cells in the isolated superior cerv- 
ical ganglion of rabbits. As far as the 
microelectrode technique is concerned, the 
frog’s sympathetic ganglion has some ad- 
vantages. Since the connective tissue 
covering the ganglion can be easily re- 
moved, the individual cells located on the 
‘surface of the ganglion are clearly seen so 
that the insertion of a microelectrode can 
be carried out under visual control. 

The histological feature of the frog’s 
sympathetic neuron has been examined 
and compared to those in the different 
classes of vertebrates by Huber (1899). 
According to his description, each cell is 
surrounded by a thin fibrous capsule in 
which the presynaptic fibers present a peri- 
cellular nest after losing their myelination 
and terminate with their free endings on 
the neuron soma (see fig. 1, C). 

A large number of the post-ganglionic 
fibers have no myelin sheath. A marked 
difference, which exists between the neu- 
rons in frog’s and mammalian sympathetic 
chains, is that the former is a unipolar 
cell while the latter is multipolar having 
several dendrites as well as the axon (De 
Castro, 32). 

The purpose of the present study was 
to explore the electrical membrane char- 
acteristics, the activities of single sym- 
pathetic neurons, and the mode of synaptic 
transmission. A preliminary account of 


this experiment has been published (Nishi 
and Koketsu, ’59). 


MATERIAL AND METHODS 


The sympathetic chain together with the 
lumbar spinal nerves of a frog (Rana 
pipiens) was carefully dissected out. The 
chain was cut at the level of the third or 
4th spinal nerve and freed from the aorta 
which is intimately associated with the 
chain. The rami communicantes were cut 
except for those of the 8th to the 10th gan- 
glia to maintain connection between the 
ganglia and corresponding spinal nerves 
intact. The lumbar spinal nerves were 
freed by cutting them at their entry into 
the spinal vertebrae and at the level where 
the 9th and 10th spinal nerves were joined. 
A typical isolated preparation is shown 
schematically in figure 1, A. The connec- 
tive tissue covering the surface of the 
sympathetic ganglia was removed under 
the binocular microscope. Individual cells 
were then easily seen with a magnification 
Of l00>@ Chicei.B): 

The preparation was placed in a small 
lucite chamber divided into three compart- 
ments. The 8th to 10th ganglia were placed 
in the middle compartment and covered 
with a thin layer of Ringer’s solution. The 
upper part of the sympathetic chain and 
the peripheral part of the lumbar spinal 
nerves were lifted from the Ringer’s bath 
and led separately into the lateral compart- 
ments and mounted on the stimulating 
electrodes. The lateral compartments were 
covered with glass plates to prevent the 
nerve tissues from drying. It was un- 
necessary to add oxygen to the Ringer’s 
solution, since the electrical activity as well 
as the synaptic transmission of the sympa- 


1 This research was supported by the Institute 
of Neurological Diseases and Blindness, National 
Institute of Health grant B-1650. 
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Fig. 1 A, Schematic drawing of lumbar sympathetic ganglia (S. ggl.) and sciatic nerve 
plexus (Sc. n.). S; and S: indicate locations of electrodes for orthodromic and antidromic 
stimulation. B, View of sympathetic ganglion under dissecting microscope. Individual cells 
located on surface are clearly recognizable. C, Simplified histological features of a sympa- 
thetic ganglion cell to illustrate the general relationship of preganglionic fiber and axon 
to soma. a, axon. c, thin fibrous capsule surrounding cell. f.e., free endings of presynaptic 
terminal fibers. s.f., spiral fiber which is the unmedullated peripheral part of presynaptic 


fiber. 


thetic neurons were sufficiently maintained 
under such conditions. 

Antidromic, orthodromic, and intracel- 
lular direct stimulation were used in the 
present experiments. For antidromic stim- 
ulation, a square pulse of 1 msec. duration 
was applied to the peripheral end of the 
lumbar spinal nerves, since a large number 
of cells in the 8th to 10th ganglia send their 
axons into these nerves. The orthodromic 
stimulation was applied through the sym- 
pathetic chain at the level of the 5th or 6th 
ganglion (fig. 1, A), since these parts con- 
sist of many preganglionic fibers which 
form synapses in the 8th to 10th ganglia. 
For direct stimulation of the soma mem- 
brane, stimulating currents were applied 
intracellularly through the recording micro- 
electrode connected to a Wheatstone bridge 
device. The current sent through the elec- 
trode was measured by the method pre- 
viously described (Koketsu and Nishi, ’57). 

The Wheatstone bridge used in the pres- 
ent experiment was almost identical to that 
used in the experiments on frog’s intra- 
fusal muscle fibers (Koketsu and Nishi, 
07) and spinal ganglion cells (Koketsu 
et al., 59). The current due to the cell’s 


resting potential when the bridge circuit 
was used, was compensated by a dry cell 
and a variable resistor. For calibration of 
the obtained potential a 50 mv. pulse was 
applied to both ends of the 100 {2 resistor 


inserted between the cathode and ground. | 
Microelectrodes were made of pyrex 


tubing filled with 3 M KCl. Only those with 


a resistance between 20-40 MQ were | 


chosen. High frequency distortion caused 
by stray capacity of the microelectrode and 
input lead was minimized by using a posi- 


tive feed-back circuit incorporated in the | 


cathode follower input amplifier. 


Frog Ringer’s solution of the following | 


composition was used: NaCl, 112 mM; 


KCl, 2.0 mM; CaCl, 1.8 mM; NaHCOs, 2.4 | 


mM. All experiments were carried out at 
room temperature (24—-26°C). 


RESULTS 
Resting membrane characteristics 


Resting membrane _ potential. 


Individ- | 


ual cells have either a spherical or oval | 
shape with a maximum diameter of 20-35 
u (mean of 50 cells, 26.8 »). The tip of | 
the microelectrode was placed at the center | 
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f a cell, then gradually pushed until a 
legative potential appeared. The condition 
f the impaled neuron was judged by the 
hape of the antidromic responses and of 
he electrotonic potentials of the cell mem- 
wane. Some cells showed steady potentials 
or over 30 minutes, although the majority 
showed a progressive decrease or a sudden 
lisappearance of the potentials 5-10 min- 
ites after insertion. The values of the 
esting membrane potential given in table 
| were recorded from cells in which the 
nicroelectrode was satisfactorily inserted. 
[The mean value for the measured resting 
sotential was approximately 65 mv. 
Electrical constants of the resting mem- 
grane. To determine the electrical con- 
stants of the resting membrane, anodal and 
sathodal square pulses of various inten- 
sities were applied through the recording 
slectrode by means of the bridge device. 
[Typical potential changes are illustrated 
n figure 2. When the applied current was 
ess than approximately 5 x 10~-*°A, the 
magnitude and time course of the anelec- 
rotonic potentials were practically iden- 
ical to those of the catelectrotonic poten- 
jials. The effective resistance and time 
constant of the resting membrane were 


nn 


Fig. 2 Electrotonic potentials of neuronal 
same cell. They were generated by rectangu 


calculated from these potentials, the 
mean values (for 7 cells) being approxi- 
mately 20 MQ and 10.6 msec., respectively. 
With the mean neuronal surface area of 
2282 X 107* cm?, this effective resistance 
yields a specific membrane resistance of 
456 Q-cm’. The specific membrane capaci- 
tance calculated from the values of the 
specific membrane resistance and time 
constant was 24.4 uf/cm?. The values of 
the electrical constants obtained from indi- 
vidual sympathetic neurons are sum- 
marized in table 1. 

Voltage-current relation. Figure 3 shows 
the relationship between the magnitude 
of the passive potential changes and the 
intensity of the applied currents. The V-I 
relation in either direction was almost 
linear when the current was less than ap- 
proximately 1 X 10°-°A (curve A of fig. 3). 
When the depolarization exceeded about 
20 mv., there was a gradual increase of the 
slope and an appearance of local and 
eventually spike action potentials. In many 
cases, when the hyperpolarizations ex- 
ceeded 30 mv., the slope had a tendency to 
become slightly steeper than that obtained 
by smaller current intensities. 


er i lr 


membrane. i 
lar current pulses of 5 X 10-!°A which are 


Records 1 and 2 obtained from 


izi i i i —8 recorded from 
i izi and hyperpolarizing directions, respectively. Records 3 is 
Beall econis Bd 6, 4 and 7, and 5 and 8 generated by depolarizing and hyper- 


polarizing current pulses of 2.5 10-%A, 5.8 10-%A and 9.5 x 1071°A, 


respectively. 


Calibration: 20 mv. Time mark: 5 and 10 msec. for records 1 and 2, and 10 msec. for 


records 3-8. 
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TABLE 1 
ee eee eee 
No. Diameter Surface area eet Tae Rm Tm Cm 
im x 10-8 cm2 mv MQ Q-cm2 msec uf /cm2 
1 26 2123 62 21 445.8 10.5 23.3 
?) 22 1517 60 16 242.7 9.6 39.6 
3 28 2458 75 26 639.1 13.0 20.3 
4 30 2822 67 21 592.6 11.5 19.4 
5 26 2123 73 24 509.5 12.2 23.9 
6 32 3210 63 5) 738.3 10.3 13.9 
0 25 1956 55 12 234.7 TP 30.7 
Mean PH 2282 65 20 456.4 10.6 24.4 
mi 
3© 


Depolarization 


A 
Hyperpolarization7 49 
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Fig. 3 Relationship between final steady values (on vertical axis) of altered membrane 
potential and intensity (on horizontal axis) of applied rectangular current pulse. Curve A, 
obtained from cell of which electrotonic potentials are partly shown in records 3-8 in 


figure 2; represents typical V-I relation found in many cells. 


Curve B obtained from a 


small number of cells shows marked rectifying character to cathodic current. 


A small number of cells was found to 
show a characteristic V-—I relation, as 
shown in curve B (dotted line) of figure 
3. The following three characteristics, re- 
sembling those of toad’s spinal ganglion 
cells (Ito, 57), were observed: (1) the 
V-I relation was non-linear particularly 
for depolarizing currents. (2) the time 
constant was always less than one third of 
that of the other cells; its mean value be- 
ing 3 msec. (3) the falling phase of the 
electrotonic potential, especially in the de- 


polarizing direction, showed a slight re- 
bound to the opposite direction crossing 
the resting level. 


Electrical activity of sympathetic neurons’ 
A. Antidromic response 


When an antidromic impulse was prop- 
agated into a sympathetic neuron, it set up| 
a spike action potential with a sharp rising 
phase and a relatively slow falling phase, 
followed by a long-lasting positive after- 
potential. The mean height of the actioni 
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otentials was 90 my. (maximum, 113 mv., 
presenting an overshoot of about 25 
1v.). The mean value of the spike dura- 
on in 25 cells was 3 msec. (range 2.2—4 
sec.). Typical examples of antidromic 
sponses are shown in figure 4. By re- 
ording with a fast time base the action 
otentials of many cells revealed an in- 
ection on the rising phase at approxi- 
1ately 40 mv. (ranging from 32—45 mv. in 
8 cells) from the resting potential. The 
ise time to the inflection ranged from ap- 
roximately 0.2—0.7 msec. and that to the 
pike peak from 0.6—1.2 msec. Frequently, 
ne falling phase of the spike showed a 
hort slow phase immediately after the 
pike crest, which lasted for about 0.5 
asec. with a slope of 10-20 v/sec. The 
1aximum slopes of the rising and falling 
hases obtained were 140-160 v/sec. and 
5-80 v/sec., respectively. The after-po- 
ential reached its maximum amplitude 
bout 1.5 msec. after its initiation, and 
usted for 150—500 msec.; the maximum 
mplitude (measured from the resting po- 
ntial) ranged from 14-35 mv. (the 
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Fig. 4 Spike potentials induced by antidromic 

ulation. Recorded from same cell at different 
eep speeds. Calibration: 50 mv. Time mark: 
0 cycles/sec. 
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Fig. 5 Record 1 shows spontaneous separa- 
tion of antidromic response and record 2 isolated 
small spike only. Separation of antidromic re- 
sponse by repetitive stimulation with frequency of 
100/sec. is shown in record 3. Calibration: 50 mv. 
Time mark: 1000 cycles/sec. 


mean of 15 cells, 24.7 mv.), which was 
about 30% of the spike potential. 

In some cases the antidromic responses 
spontaneously fractionated in an_all-or- 
nothing manner at the point of inflection, 
leaving a small spike (fig. 5, 1 and 2). 
The falling phase of the small spike usually 
returned to the resting membrane poten- 
tial without any hyperpolarizing after- 
potential, although it sometimes showed 
a very small one. A similar small-spike 
potential was occasionally detected when 
an antidromic response was evoked a few 
msec. after a conditioning one or when 
repetitive antidromic responses were elic- 
ited (fig. 5, 3). 

Separation of antidromic response by 
hyperpolarization. An analysis of the 
mode of propagation of the antidromic 
impulse was made by changing the resting 
membrane potential by passing a hyper- 
polarizing current through the recording 
electrode. The antidromic response shown 
in figure 6, Al revealed an inflection 
(marked by arrow in record A3) when the 
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Fig. 6 Two series of antidromic responses evoked on plateau (left column) and rising 
phase (right column) of hyperpolarizations of various magnitudes. Each series recorded 
from different cells. In left-side series, antidromic responses were evoked at membrane 
potentials of approximately 73 (normal value), 87, 122, and 135 mv. In each record of 
right-side series, control response was always recorded before applying hyperpolarization. 
Intensity of applied current was increased stepwise from B1—B3 and also changed progres- 
sively to some extent in each record. Record B4 shows whole course of alteration of anti- 
dromic response under steeply rising hyperpolarization of which magnitude varied to the 
same extent as those in B1—B3. Calibration: 50 mv. Time mark: 1000 cycles/sec. 
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hyperpolarization of the cell membrane was 
sufficiently large. At a critical membrane 
potential (about 60 mv. from the resting 
level) the antidromic response failed at 
the foot of the response, leaving a very 
small potential of only a few millivolts 
(marked by arrow in record A4). During 
steady hyperpolarizations, such blockage 
of the antidromic conduction was com- 
‘monly observed. If, however, the anti- 
dromic response was elicited on the rising 
phase of the hyperpolarization, conduction 
was blocked at the inflection of the re- 
sponse as illustrated in figure 6, B. The 
small spike, which remained after block- 
age at the inflection had occurred, also re- 
vealed an inflection (marked by arrows in 
records B3 and B4) on its rising phase and 
eventually failed at this inflection by apply- 
ing stronger hyperpolarization. 

It was interesting to notice that steady 
hyperpolarizations markedly lengthened 
the latency for spike initiation; while the 
spike, evoked on the rising phase of a 
hyperpolarization, was very slightly de- 
layed even when strong hyperpolarization 
was applied. 

Other effects of hyperpolarization. The 
potential level of the peak and inflection 
remained unchanged regardless of the in- 
crease of the applied hyperpolarization; 
only when relatively small inward currents 
were applied, the increment in spike height 
exceeded the displacement of the mem- 
brane potential. The maximum rate of 
rise and fall increased practically in pro- 
portion to the increase of hyperpolariza- 
tion. A slow falling phase, which was fre- 
quently observed shortly after the crest 
eig. 4, 2 and fig. 6, Al), disappeared 
with hyperpolarization. The after-positivity 
diminished by increasing the membrane 
potential and reversed polarity when the 
applied polarization exceeded a certain 
level. There was a linear relationship be- 
tween the magnitude of the after-potential 
and the membrane potential, with a slope 
slightly smaller than unity (the mean 
value of 12 cells was 0.9). Reversal of 
the after-positivity was observed when the 
membrane potential was between —82 and 
—97 mv. (mean value —90 mv. ). 


B. Spike elicited by intracellular direct 
stimulation 


The size and time course of spike po- 
tentials (fig. 7, 1 and 2) evoked by intra- 
cellular direct stimulation were similar to 
those elicited by an antidromic impulse. 
In figure 7, 3, the direct response and the 
antidromic response obtained from the 
same cell are traced and superimposed 
upon each other for comparison. The direct 
response did not exhibit any appreciable 
step on its rising phase even when recorded 
with a fast sweep speed (fig. 7, 2). The 
threshold depolarization for spike initiation 
ranged from 16-31 mv. (mean of 22 cells, 
25.3 myv.). This value was apparently 
smaller than that of the height of the in- 
flection (40 mv.) on the rising phase of 
antidromic responses. This suggested that 
direct intracellular stimulation may init- 
ially evoke the action potential of the mem- 
brane adjacent to the soma, where the 
threshold is lower, as was suggested in 
spinal motoneurons (Araki and Otani, ’55; 
Fatt, 57; Fuortes et al., 57; Coombs et al., 
’07a,b). If a strong hyperpolarizing cur- 
rent was applied immediately after the 
initiation of a direct response, the direct 
response sometimes revealed an inflection 
on its rising phase about 10-15 mv. higher 
than the level of the threshold depolariza- 
tion (fig. 8, 2). In some instances, the 
full-size direct response was blocked leav- 
ing a small spike potential (record 3). 


C. Orthodromic response 


The orthodromic responses were pre- 
ceded by an initial depolarization phase 
(synaptic potential) which formed a step 
at approximately 25 mv. from the resting 
membrane potential (fig. 9, 1 and 2). The 
mean value of the step height was 26.1 
mv. (18—35 mv. in 20 cells) and that of the 
spike height was 85 mv. (75-105 mv. in 
20 cells). The descending phase of the 
spike reached the resting membrane po- 
tential within 3 msec., and was followed 
by a long-lasting “positive” after-potential 
(undershoot). The maximum magnitude 
of the positive after-potential was smaller 
than that of the antidromic response, be- 
ing approximately —10 mv. from the rest- 
ing membrane potential. In some cells 
with a large resting potential, there was 
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Fig. 7 Responses to intracellular direct stimulation (1 and 2) and comparison of direct 
and antidromic spikes (3). Action potentials in 1 and 2 elicited by cathodic current 
pulses (2 msec.) with different sweep velocities. In both records, intensity of applied 
current was just sufficient to elicit spike response so that spike occurred at a certain 
time after cessation of rectangular current pulse. Square pulse in record 1 is 50 mv. in height, 
which is also applicable to record 2 for calibration. Time mark: 1000 cycles/sec. Record 3 
shows tracings of antidromic (a) and direct (d) responses. Arrow indicates height of 
inflection on rising phase of antidromic response. Time mark on zero line indicates 1 msec. 
Each division of left column equal to 10 mv. 
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Fig. 8 Effect of hyperpolarization applied immediately after initiation of direct response. 
Record 1 shows control responses elicited by cathodic current pulse slightly larger than 
threshold intensity with duration of about 7 msec. In record 2, responses clearly revealed 
an inflection on rising phase under the effect of applied hyperpolarization. In record 3 
response intermittently failed to develop fully, leaving a small spike. Line under each 
record indicates time course of applied cathodic and anodic currents, Calibration: 50 mv 
Time mark: 1000 cycles/sec. ' 


SYMPATHETIC NEURONS 23 


Fig. 9 Orthodromic responses and comparison of orthodromic and direct responses. 
Records 1 and 2 show responses of cell to orthodromic stimulation recorded with different 
sweep velocities. Calibration: 50 mv. Time mark: 1000 cycles/sec. Record 3 shows tracings 
of orthodromic and direct responses of same cell. Time mark on zero line indicates 1 msec. 
Each division of left column is equal to 10 mv. 


first a small “negative” after-potential 
which lasted for about 5-20 msec. and 
then, in turn, a positive after-potential. 
The smallness of the positive after-poten- 
tial and the occasional appearance of the 
megative after-potential were apparently 
due to the synaptic potential. The entire 
duration of the positive after-potential was 
practically the same as those observed in 
antidromic and direct responses, the value 
being 150—500 msec. 

Comparison of the orthodromic response 
and direct response obtained from the 
same cell is shown in figure 9, 3. The 
initial part of the falling phase of the 
orthodromic response characteristically dif- 
fered from that of the direct response; the 
peak of the orthodromic response was about 
7 mv. lower than that of the direct response 
and the initial falling phase frequently 
showed a small dip immediately after the 
spike crest, forming a hump on the fall- 
ing phase of the spike. There were some 
exceptional cases in which the magnitude 
of both orthodromic and direct responses 


were almost equal, but a difference of ap- 
proximately 5 mv. was commonly observed 
(the largest difference so far obtained was 
12 mv.). The threshold level for the initia- 
tion of the orthodromic responses was 
practically identical with that of the direct 
response (approximately 25 mv.). 

The orthodromic response usually did 
not show any inflection on its rising phase 
as was also observed in direct responses. 
In some cases, however, the orthodromic 
response showed an inflection on its rising 
phase at about 30—40 mv. from the resting 
potential, or only local responses appeared 
on the synaptic potential (fig. 10, Al and 
A2). Such evidence suggests that the spike 
responses evoked by a synaptic potential 
and a directly applied current are identical 
in their initiation process. 

In most cases, it was very difficult to 
obtain the synaptic potential alone by 
weakening the stimulus strength. A spon- 
taneous variation in the time from the on- 
set of the synaptic potential to the spike 
initiation was sometimes observed during 
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Fig. 10 A, Orthodromic responses which showed inflection on rising phase of spike 
potential (1) and small spike on synaptic potential (2). Record 3 shows time 
course of synaptic potential. B, Spontaneous variations in critical depolarization time 
for spike initiation. Records 1 (orthodromic response) and 2 (direct response) obtained 
from same cell, while record 3 is from a different neuron. Dotted lines in records 1 and 
3 show height of direct response of each cell. Note difference in height of each orthodromic 


response recorded from single cell. Calibration: 


1000 cycles/sec. 


application of stimulation of the same in- 
tensity (fig. 10, Bl and B3). An interesting 
phenomenon observed in figure 10, B was 
that the height of the spike response in- 
creased when initiation was delayed. In 
record Bl, the difference between the 
earliest spike (1.38 msec. from initiation 
of synaptic potential to spike peak) and 
the last one (1.75 msec.) was approxi- 
mately 2.3 mv. Direct responses of the 
same cell (B2) was 6.9 mv. higher than 
that of the earliest spike. In record B3, the 
amplitude of the orthodromic spikes in- 
creased gradually according to the delay, 


50 mv. except 20 mv. in A3. Time mark: 


the last spike (3.75 msec.) having an_ 
amplitude almost the same as that of direct | 
responses. 


Synaptic potential 


The synaptic potential reaches a summit 
about 2.5-3 msec. after initiation, and | 
declines slowly in an approximately ex- 
ponential time course (fig. 10, A3). The) 
mean time constant of decay was 12 msec. | 
(range, 8—-15.5 msec. in 25 cells). The 
total duration of the synaptic potential was | 
about 40 msec., and there was no subse-. 
quent hyperpolarization (fig. 10). The 
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maximum rate of rise of the synaptic po- 
tential ranged between 25-32 v/sec. (mean 
of 25 cells was 30 v/sec.). 

In order to produce the synaptic poten- 
tial, the activated synapses must cause a 
current which depolarizes the post-synaptic 
membrane. It is of interest to analyze the 
time course of such a current (subsynaptic 
current) which may be comparable with 
that of the synaptic transmitter action 
(Fatt and Katz, 51; Coombs et al., 56). 
It might be important to clarify whether 
or not the repolarization phase of the 
Synaptic potential is determined by the 
passive decay of the charge that has been 
placed on the membrane capacity during 
the transmitter action. Actually, this could 
be observed by comparing the time con- 
stant of the cell membrane and that of 
the synaptic potential decay (table 2). In 
some cases the values were almost the 
same, but the majority of the synaptic po- 
tentials had a much longer time constant 
than those of the cell membrane. The 
mean difference was found to be 2.4 msec. 
(table 2, col. 5) which suggests that the 
repolarization phase of the synaptic poten- 
tial does not decay simply in accordance 
with the membrane time constant. In most 
‘cases, there should be some residual flow 
of an inward current through the subsyn- 
aptic membrane after the synaptic poten- 
tial reaches its crest. To test this possi- 
bility, the approximate time course of the 
synaptic current was calculated by analyz- 
ing the synaptic potential using the value 
of the time constant of the same cell. Two 
examples of the calculated time course of 
the synaptic current are illustrated in fig- 


ure 11, which resemble the results ob- 
tained from motoneurons by Coombs et al. 
(56) except for a slight difference in the 
time factor. The time course shown in A 
was commonly observed, while the one 
shown in B rather seldom. 

Spontaneous miniature synaptic poten- 
tials, similar to those described by Brock 
et al. (52), were observed in some cells. 
The size of single units of these potentials 
was about 1 mv. with a frequency that 
varied in different cells. Presumably these 
potentials are attributable to the random 
synaptic activation of presynaptic impulses 
from injured tissues (Brock et al., 52). 

Effect of membrane potential on the 
synaptic potential. At the neuromuscular 
junction, it has been suggested that 
the chemical transmitter (acetylcholine) 
“short-circuits” the end-plate membrane, 
i.e., produces a relatively nonselective in- 
crease in the ionic permeability. Conse- 
quently, the membrane potential of the 
end-plate is driven towards the “equilib- 
rium potential” for free diffusion (Fatt and 
Katz, 51; del Castillo and Katz, 54). To 
determine whether the same type of proc- 
ess existed in the sympathetic neuron, the 
effect of displacement of the resting po- 
tential on the synaptic potential was stud- 
ied. 

An example of the synaptic potential 
set up at various levels of membrane po- 
tential is shown in figure 12. The ampli- 
tude of the synaptic potential was increased 
by increasing the membrane potential. 
When the membrane was progressively de- 
polarized, the synaptic potential was re- 
duced accordingly and finally reversed 


TABLE 2 
Comparison of membrane time constant and time constant of synaptic potential decay 


Cell 


i 1 
aay S. height 


M.t.c.3 M.t.c.-S.t.c. 
msec. msec 
9.2 2.0 
eo) 2.0 
8.0 1.5 
113 4.2 
LOL Piss 
9.8 2.0 
12.0 Qo 
9.7 2.4 


1§, height, height of synaptic potential. 


2.t.c., time constant of synaptic potential decay. 


3 M.t.c., membrane time constant. 


lO 
MSEC 


| 


OPS Oma oee2Oe OC 5 10 15 


MSEC MSEC 


Fig. 11 A and B, Continuous lines are tracings of synaptic potentials, while broken 
lines show time course of subsynaptic current required to generate potential changes. C, 
S: and S: are time courses of falling phase of synaptic potentials shown in A and B 
plotted on semi-logarithmic scale. E; and E: are relative time courses of falling phase 
of electronic potentials obtained from cells from which synaptic potentials in A and B 
were recorded. Initial heights of E; and Ez adjusted to maximum heights of corresponding 
synaptic potentials. Note deviation from exponential line at top of S; and difference in 
time course of S; and E;. Voltage calibration in A and B is 10 mv. 
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Fig. 12 A series of synaptic potentials set up at various levels of resting membrane 
potential. Membrane potentials indicated in mv. in each record. Resting membrane poten- 
tial was —70 mv.; other potentials obtained by application of current through recording 
electrode. Spike potentials evoked by synaptic potential at membrane potentials between 
—22 and —70 mv. Calibration: 50 mv. Time mark: 1000 cycles/sec. 
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Fig. 13 Two examples showing relationship between peak amplitude of synaptic poten- 
tial and initial level of membrane potential. Closed circles plotted from records shown in 
figure 12, while open circles obtained from another cell. Records in which spike potentials 
were initiated on synaptic potential, point of maximum curvature at start of spike was 
plotted instead of peak amplitude of synaptic potential. 


when depolarization exceeded a certain 
level. The relation between the amplitude 
of the synaptic potential and the displace- 
ment of the membrane potential is almost 
linear over a wide extent (fig. 13). When 
depolarization exceeded the zero level, how- 
ever, the size of the synaptic potential be- 
came smaller than expected for a linear 
relationship. A slight deviation from lin- 
earity also occurred when a strong hyper- 
polarizing current was applied; the syn- 
aptic potential slightly exceeded the ex- 
pected value. Generally, the amplitude of 
the synaptic potential was proportional to 
the displacement of the membrane poten- 
tial from a critical level, and its deflection 
was always directed towards this level. In 
the case shown in figure 12, the reversal 
level of the synaptic potential was —10 mv. 
In this particular case, the electrode re- 
“sistance was almost independent of the ap- 
plied current in both the depolarizing and 
hyperpolarizing directions (+62 to —170 
mv.). But, in many cases it was seen from 
the height of the test square pulse (applied 
between cathode and ground) that the elec- 
trode resistance became unstable and 
markedly increased during application of 
strong depolarization. On the other hand, 


the electrode resistance was not appreciably 
altered by passing an anodic current with- 
in the satisfactory range. The reversal 
values found by extrapolation of the plotted 
curve for hyperpolarizations (see fig. 13) 
were ranged between —8 and —20 mv. (the 
mean being —14.3 mv.). These values, 
however, may not be accurate since the 
membranes of many cells, as mentioned 
before, show slight rectification when 
hyperpolarization exceeded 30 mv. 

The time course of the synaptic poten- 
tial did not show appreciable change with 
the change of the membrane potential 
over a wide range, especially in hyperpolar- 
ization. But, the reversed synaptic poten- 
tials, accompanying a strong depolariza- 
tion, decayed much faster than the others, 
apparently due to rectification of the mem- 
brane. For instance, the reversed synaptic 
potentials in the upper 4 records of the 
left column decayed with time constants 
of 6.5—7 msec., which amounts to about 
25% decrease of the normal value (9 
msec. ). 


DISCUSSION 


On the basis that sympathetic neurons 
have no dendritic process and a majority 
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of their axons are free of a myelin sheath, 
the most difficult point for antidromic 
propagation would presumably be the axon- 
soma junction provided the membrane 
does not change its properties. In the pres- 
ent experiments, the tip of the micro- 
electrode was inserted into the neuron 
soma under visual control. The fully de- 
veloped spike must represent a potential 
change of the membrane immediately ad- 
jacent to the microelectrode, since it is 
large enough to dismiss the possibility that 
the potential change occurring in some 
other region is recorded electrotonically. 
The inflection on the rising phase of the 
full spike, therefore, would be attributed to 
the delay in the invasion process at the 
axon-soma junction. Thus, the isolation of 
the small spike would indicate the block- 
age of antidromic conduction at the axon- 
soma junction, and the small spike would 
be the rapid depolarization of the soma 
membrane produced by the current flow- 
ing into the proximal axon. Evidence that 
the full spike occurs when the small spike 
reaches the level of inflection indicates 
that the threshold level for the firing of 
the soma membrane is equal to the height 
of the inflection (approximately 40 mv.). 
It might, therefore, be reasonable to call 
the fully developed spike the soma- or S- 
spike and the isolated small spike the 
initial segment or IS-spike, according to 
Eccles’ terminology (cf. Coombs et al., 
57a) without strictly referring to the 
boundary of the respective zones. 

From the morphological standpoint 
there seems to be no particular zone to 
hinder the antidromic invasion in the axon 
close to the axon-soma junction, since 
most of the post-ganglionic fibers have no 
myelin sheath and the proximal part of the 
axon continues smoothly into the periph- 
eral part of the axon. Nevertheless, the 
antidromic response evoked on an intense 
continuous hyperpolarization of the cell 
membrane, separated at its foot, but not at 
the inflection. Furthermore, the isolated 
small spike induced by a steeply rising 
hyperpolarization showed a distinct inflec- 
tion on its ascent and failed from the point 
of inflection. A similar inflection some- 
times appeared in the normal response 
without applying hyperpolarization. Such 
evidence indicates that there is another 


difficult point for propagation, presumably 
located in the axon in the vicinity of the 
axon-soma junction. The isolated very 
small spike, therefore, would be attributed — 
to some region of the axon adjacent to the 
axon-soma junction. It would be feasible 
to call such a spike an axon- or A-spike. 
The height of this spike varies in different 
cells, and also in the same cell, probably © 
due to the different lengths of the proximal | 
part of the axon responsible for the IS- 
spike generation and the difference in dis- 
tances between the tip of the electrode and 
the position where the blockage occurred. 
Continuous hyperpolarization of the cell 
membrane markedly lengthened the latent — 
time for initiation of the antidromic re- 
sponse, while the steeply rising hyperpolar- 
ization did not. This may be due to the 
possibility that the electrotonic potentials 
would spread further from the soma into 
the axon, in the former case, according 
to the cable properties of the membrane. 
It is clear from experimental evidence 
that direct intracellular stimulation and 
orthodromic stimulation first evoke the IS- — 
spike, indicating that the IS membrane has 
a lower threshold (25 mv.) for firing than 
that of the soma membrane (40 mv.). 
This suggests that the mode of spike pro- 
duction in the sympathetic neuron by di- 
rect and orthodromic stimulation is basic- 
ally similar to that of the spinal moto- 
neuron (Coombs et al., 57a, b). In direct 
and orthodromic responses, the transition 
of the impulse from the IS to the S mem- 
brane is aided by the electronic depolari- 
zation or the post-synaptic potential of the 
soma, thus tending to obscure the inflec- 
tion, whereas, the antidromically gener- 
ated IS-spike is not thus aided. It has been 
reported that with a fast sweep speed, di- 
rect and orthodromic responses of spinal 
motoneurons frequently reveal an inflec- 
tion on their rising phase (Araki and Otani, 
‘55; Frank and Fuortes, ’55; Fuortes et al., 
‘57; Fatt, 57; Coombs et al., ’57a,b), but 
the sympathetic neuron very seldom re- 
veals such an inflection. In this respect, 
the latter may have a much closer coup- 
ling of the IS-S components than the spinal 
motoneuron. In fact, the continuous hyper- 
polarization required for the separation of 
the IS and S component is much greater 
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than that required in the spinal moto- 
neuron (cf. Coombs et al., 55; Eccles, 55). 

It has been found that the peak of the 
orthodromic spike response was signifi- 
cantly reduced when it was initiated near 
the peak of the synaptic potential. By com- 
paring the time courses of the reduction 
_ (fig. 10, B3) and of the synaptic potential, 
it can be seen that reduction is most prom- 
inent at the middle part of the rising phase 
of the synaptic potential where the trans- 
mitter action is strongest (fig. 11). Fur- 
thermore, the formation of the dip and 
hump immediately after the spike crest 
(fig. 9, 3) seems to correspond with that 
observed in the end-plate potential of skel- 
etal muscles (Fatt and Katz, *51). This 
evidence suggests that during the rising 
phase of the synaptic potential the synaptic 
membrane briefly and intensively increases 
its permeability to certain ions and “short- 
circuits” the active neuronal membrane. 

The synaptic potential changed almost 
in proportion to the displacement of the 
membrane potential and reversed its polar- 
ity when the membrane potential shifted 
to a certain level (about —14.3 mv.). This 
suggests that the action of the synaptic 
transmitter (Ach) on the sympathetic 
-neuron is quite similar to that on skeletal 
muscle (Fatt and Katz, *51; del Castillo 
and Katz, 54). When the cell membrane 
was strongly depolarized by an applied cur- 
rent, the synaptic potential was reduced in 
height from that expected on the basis of 
a linear relationship and its falling phase 
decayed more rapidly. This may have been 
because the membrane resistance was re- 
duced by such a strong depolarization 
while the shunting effect of the transmitter 
action was constant. 


SUMMARY 


1. The electrical membrane character- 
istics and activity of the frog’s sympathetic 
neuron and the mode of its synaptic trans- 
mission have been studied with intracel- 
lular microelectrodes. 

2. Resting potentials of the sympathetic 
neurons ranged from 50-80 mv. The spe- 
cific resistance and capacitance of the cell 
membrane were 456.4 Q-:cm’? and 24.4 
uf/cm’, respectively. 

3. The voltage-current relation of the 
cell membrane is approximately linear. 


Only a small number of cells showed a 
rectifying characteristic. 

4. The antidromic volley set up an ac- 
tion potential of approximately 90 my. 
(overshoot of 25 my.) with a duration of 
2.2-4 msec., being followed by a long- 
lasting hyperpolarizing after-potential. 

5. The antidromic responses often had 
an inflection on the rising phase and were 
separated by the hyperpolarization of the 
cell membrane into three component spikes 
which had different sites of origin (axon, 
initial segment, and soma spikes). 

6. Intracellular direct stimulation e- 
voked an action potential similar to the an- 
tidromic response. The direct response re- 
vealed an inflection on its rising phase dur- 
ing experimentally applied hyperpolariza- 
tions, and could also be separated at this 
inflection. The latter occurred earlier in 
the rising phase of the spike than in the 
antidromic case, indicating that the proxi- 
mal part of the axon (IS segment) was 
first excited and the soma activated later. 

7. The orthodromic volley set up a re- 
sponse of 85 mv. which was always pre- 
ceded by an initial depolarizing phase 
(synaptic potential), forming a step at 
approximately 25 mv. from the resting 
membrane potential. The orthodromic re- 
sponse often had a small hump imme- 
diately after its crest, also a relatively 
longer falling phase and smaller after- 
potential. The mode of spike production 
is supposed to be similar to that of directly 
evoked action potentials by intracellular 
stimulation. 

8. The synaptic potential reached a sum- 
mit in 3 msec. and lasted for approximately 
40 msec. Its time constant was usually 
slightly larger than that of the cell mem- 
brane. 

9. When the membrane was depolarized 
to a particular level, the synaptic potential 
was annulled. At any other level the am- 
plitude of the synaptic potential was pro- 
portional to the displacement from the re- 
versal level; its deflection being directed 
towards this level (—14.3 mv.). 
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The Effects of Temperature on Some Mechanochemical 


Properties of Actomyosin Fibers 


I. DYNAMIC PROPERTIES! 


BERNARD D. TUNIK 


Department of Zoology, Columbia University, New York, N. Y.3 


The nature of the tension-bearing forces 
of resting and active muscle and its models 
has been considered pertinent to theories 
describing the mechanochemical events 
underlying contraction (Aubert, 56; Buch- 
tal of; Feng, 32; Hill, 51, 52;-Hill et al., 
00; Meyer and Picken, ’37). 

These forces may arise from an increase 
of potential energy or a decrease of entropy 
with increasing length. The nature of these 
forces has been deduced from the sign of 
the temperature change caused by a stretch 
applied to whole muscle (Hill, 52, 53). 
However, there are present in muscle com- 
plicating passive structural elements, in 
series and in parallel with the contractile 
elements. As a result, the sign of the tem- 


_ perature change observed may not be char- 


acteristic of the tension-bearing forces of 
the contractile elements. 

These complicating structures are ab- 
sent in a model of muscle, the actomyosin 
fiber. Nevertheless, as in muscle, the re- 
sponse of these fibers to deformation is 
complex, consisting of rapid and retarded 
components (Hayashi and Rosenbluth, ’53, 
54; Joseph, 52). It has been found by 
these authors that ATP affects the retarded 
response to deformation, but not the rapid 
response. A mechanical model has been 
proposed (Hayashi and Rosenbluth, Da) 
that describes the fiber behavior in terms of 
a rapidly responding passive element con- 


nected in series with a slowly responding 


contractile element. 

These components of the response of the 
fiber to deformation may be due to rapid 
and retarded processes within a homo- 
geneous macromolecular structure, as is 
the case for any high polymer (Alfrey, 
48). If so, the nature of the tension-bear- 
ing forces of this model, as deduced from 
the sign of the net tension change accom- 


panying a causative temperature change 
(Botts and Morales, 51), may be perti- 
nent to theories describing the mechano- 
chemical events underlying contraction. 
However, the rapid and retarded compo- 
nents of the response of the fiber to de- 
formation may be due to separate rapid 
and retarded structural elements, con- 
nected in series, in a heterogeneous macro- 
molecular structure. If so, the nature of 
the tension-bearing forces of the retarded, 
contractile element alone would be perti- 
nent to such theories, not that of the whole 
fiber. 

The dynamic responses of the tension of 
actomyosin fibers to a quick stretch, in both 
low salt and ATP-MgCl., are examined in 
this portion of the investigation. Differ- 
ences in the effects of temperature on the 
rapid and retarded components of these 
responses are interpreted as supporting the 
hypothesis that separate passive and con- 
tractile structural elements exist. 


EQUIPMENT 


Tensions were measured by a quartz 
cantilever (12, fig. 1) previously used 
(Hayashi et al., 58). Slowly changing ten- 
sions could be read to £0.12 mg with the 
least sensitive lever employed. Transient 
tensions, i.e., the peak tension resulting 
from a quick stretch and the minimum ten- 
sion resulting from a quick release, could 
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be determined to +5%. The departure 
from isotonicity of isometric contractions 
was 0.2% or less. 

Length changes, produced in the fiber 
by vertical motion of a screw (5) having 
20 threads per inch, were measured by a 
linear scale (2) and cylindrical vernier 
C4) to" 2-5 107° mnt COs aby, 
means of a knurled knob (1) the screw 
could be rotated by hand through one com- 
plete revolution, or less, at the rate of circa 
0.2 sec./rev. A stop (3), that could be 
clamped to the vernier, made it possible to 
simultaneously observe the lever and sub- 
ject the fiber to a quick stretch or release 
of any predetermined size less than 1.3 
mm (0.05 in.). In this way the peak ten- 
sion developed by a stretch or the mini- 
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mum tension resulting from a release could 
be easily observed. The motion of the | 
screw, opposed by a strong spring (10), 
was transferred to the lower end of the 
fiber (18) via a base (8), dovetail (7), and 
carriage (9) to which the reaction vessel 
(16) was fastened. The lower end of the 
fiber was fixed to the reaction vessel by a 
hook embedded in a paraffined lead weight 
(19). Applied stretches were reduced no 
more than 10% by displacement of the © 
lever at the suspension (20). No cor- | 
rections have been made for this reduction. — 
Temperature control was obtained with 
a water bath supplied from reservoirs held 
at 20 + 0.05°C and —1.5+0.05°C. Theg} 
bath temperature could be changed the 
full range in 30 sec. The temperature 
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Fig. 1 Apparatus. For details see text. 
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of the reaction vessel contents, measured 
to =0.1°C by a copper-constantan thermo- 
couple, was kept uniform by means of an 
archimedean screw stirrer (17) which com- 
pletely mixed the vessel contents in 10 sec. 
A plastic partition (14) with openings at 
the top and bottom reduced disturbance 
of the fiber without interfering with circula- 
tion. 

MATERIALS AND METHODS 

1. Reagents and solutions 

Single distilled water passed once 
through 50 cm of Amberlite MB-3 ion- 
exchange resin was used _ throughout. 
Chemicals were commercial reagent grade 
except where noted. 

Neutralized ATP. The crystalline di- 
sodium salt (Sigma Chemical Co.) was 
dissolved in water, adjusted to pH 7.6 with 
KOH and diluted to a final concentration 
of 6.4 X 10°? M ATP. 

Stock MgCl. solution. The calculated 
amounts of HC] and MgCO; were adjusted 
to pH 7.0 and diluted to 10™* M. 

Trough substrate. This was a solution 
of 0.05 M KCI in 1/10 strength Veronal 
buffer, pH 7.0. 

Low salt. This consisted of 0.05 M 
KCl in 1/10 strength Veronal buffer, pH 
7.6. 

ATP-MgCl.. This was a solution of 
3 X 10-? M neutralized ATP and 10°* M 
MgCl, in low salt. 


2. Actomyosin 


This was prepared from rabbit back and 
leg muscles by a modification of the proce- 
ure of A. Szent-Gyérgyi (see Hayashi, 
2 ). 
2 3. Fibers 

Preparation. A diluted actomyosin solu- 
ion was surface-spread by the method of 
ayashi (Hayashi and Rosenbluth, D2) at 
com temperature on the trough substrate 
na 100 X10 cm trough for 6 minutes. 
e surface film was then completely com- 
ressed between lucite barriers. These 
ere moved from both ends of the trough 
oward the center, 30 cm during the first 
minute of compression, 13 cm during the 
econd minute and 7 cm during the last. 
he dilution of the stock actomyosin solu- 
ion was adjusted so that striae, which 
orm in the surface film parallel to the bar- 
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riers, were first visible when the barriers 
were circa 10 cm apart; and so that the 
collapse of the film caused its lateral edges 
to retract from the barriers when these 
were circa 5 cm apart. These standardized 
procedures resulted in films, and _ there- 
fore fibers, of approximately equal protein 
content. 

Mounting. This was accomplished by 
affixing the ends of a uniform portion of 
the fiber, still in the trough, to the suspen- 
sion hook and weighted hook. Hooks and 
slack fiber were quickly removed from the 
trough and immersed in a measured 
amount of low salt in the reaction vessel. 
During the transfer, evaporation of water 
from the fiber was reduced by keeping 
the fiber in contact with the paraffined 
surface of the weight. The reaction vessel 
was raised so that the fiber remained slack 
when the suspension was hooked onto the 
lever. 

Equilibrium length. This was defined 
and determined under each condition of 
temperature and chemical environment as 
follows: The ends of the mounted slack 
fiber were separated a standard amount 
by lowering the bottom hook 0.6350 cm 
every 30 sec. The position of the lever was 
noted just before each succeeding standard 
separation. When the change of the lever 
position produced by a standard separa- 
tion finally increased markedly, the fiber 
was released 0.3175 cm. The free length 
between the hooks, never less than 10 mm, 
was taken as equilibrium length L.. It was 
measured with a cathetometer to +1%. 
The equilibrium position of the lever at 
this length was considered as indicating 
zero tension. 

Changes of the reaction mixture. The 
change from low salt to ATP-MgClk was 
accomplished by adding 0.16 cm* stock 
MgCl, 0.09 cm* Veronal buffer, pH 7.6 
and 0.75 cm’ neutralized ATP, in that 
order, to 15 cm* low salt in the reaction 
vessel. 

Cycling. This was a standard treat- 
ment in which each fiber was subjected to 
a length determination followed by a fixed 
number of stretch-holds and release-holds 
(fig. 2). Each stretch, the same size as 
the first, was followed by a 6-minute hold. 
After at least 6 of these standard stretch- 
holds, the fiber was released to its original 
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Fig. 2 The time relationships of a cycle. Conditioned fiber in low salt. Ordinates: tension, 


—O-—-; relative length, -—-—-. Abscissa: time. 


zero at 116% L.. 


equilibrium length by an equal number of 
standard release-holds. Each quick release 
was the same size as the preceding quick 
stretches, and each hold also lasted 6 
minutes. The new, longer equilibrium 
length was then determined. It served as 
the initial equilibrium length for the next 
series of standard stretch-holds and re- 
lease-holds, which was started imme- 
diately. In this series the stretches and 
releases were the same size, in terms of 
per cent initial equilibrium length, as those 
of the first series. The number of stretch- 
holds and release-holds were also the same 
in the second series as the first. Each 
series of standard stretch-holds and re- 
lease-holds is referred to as a cycle. 


EXPERIMENTS AND RESULTS 

Both rapid and retarded responses to de- 
formation are revealed by a stretch-hold. 
These are: a rapid increase of tension dur- 
ing the stretch; and a slow decay during 
the hold (Joseph, 52; fig. 2). These re- 
sponses were obtained over an extended 
range of lengths and tensions by the cycling 


Each quick stretch was followed by a 6-minute hold ' 
accompanied by a decay. Releases were continued to 100% L. even though the tension had reached 


process described in the Materials and. 
Methods section. 


A. Native fibers 


Freshly formed fibers, otherwise un-- 
treated, will be termed native fibers. These: 
were cycled a number of times in low salt: 
at 20°C. 

The tension at each length after a 5-- 
minute decay was the result of both the: 
rapid and retarded responses (fig. 2). For: 
this reason, the general response to the: 
stretch-hold portion of each cycle may be? 
represented, in a plot relating length and| 
tension (fig. 3), by the slope of a line> 
through the 5-minute tension points of each 
decay. The general response slopes of the? 
succeeding cycles were more alike than 
those of the first and second cycles, and 
were steeper than the general response 
slope of the first cycle (fig. 3). However, 
the general response slope in a given cycle 
was found to decrease towards that of the 
preceding cycle if the peak tension of the 
preceding cycle was exceeded (cf. cycles: 
deand 2) fig. 3). 
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Fig. 3. Three cycles at 20°C. Native fiber in low salt. Ordinate: tension. Abscissa: relative length. 
First cycle, ©; second cycle, @; third cycle, ©. Each decay is represented by a vertical line. The 
general response is summarized by the dashed line connecting the 5-minute tension at each length. 
Note the change of slope of this line between the last two points of the stretch-hold portion of the 


second cycle. For details see text. 


The steep initial portion of the first cycle is atypical; usually, 


the slope of the general response in the stretch-hold portion of a cycle increases with length, as 


in the second and third cycles. 


The first cycle thus conditioned the fiber 
so that the changes in the general re- 
sponse, resulting from subsequent cycles, 
were appreciably reduced. This reduction 
was also true for changes in the set (i.e., 
change of equilibrium length) (fig. 3), and 
for changes in the rapid and retarded re- 
sponses (figs. 5 and 8. For details see B. 
below). For these reasons, in all further 
experiments native fibers were subjected to 
a preliminary cycle in low salt at 20°C. 
Fibers treated in this way will be referred 
to as conditioned fibers. To eliminate the 
change of the general response slope dis- 
cussed above, the peak tensions of the sub- 
‘sequent cycles were kept below that of the 
conditioning cycle. This was accomplished 
by subjecting the fiber to fewer and smaller 
standard stretches in the subsequent cycles 
than in the conditioning cycle. 


B. Conditioned fibers in low salt 


In a control experiment designed to de- 
termine the effects of cycling alone on the 


rapid and retarded responses, conditioned 
fibers were cycled 5 times at 20°C. 

To determine the effect of temperature 
on these responses, each of several condi- 
tioned fibers was cycled first at 20°C, then 
at O°C and again at 20°C; other condi- 
tioned fibers were cycled first at 0°C, then 
at 20°C and again at 0°C. Each tempera- 
ture sequence served both as an additional 
control of the effect of cycling and as a 
test of the reversibility of any temperature 
effect that might occur. 

1. The retarded response. As noted be- 
fore, this is a slow decay of tension. The 
tension during each decay, S:, depends on 
both the time, t, elapsed from the onset of 
the decay and the peak tension, S,, at t = 
0. The decays obtained in a series of stand- 
ard stretch-holds were progressively larger 
and occurred at increasing rates (fig. 2). 
However, these tension vs. time curves dif- 
fered from each other by only constant fac- 
tors. That is, when the tensions during 
each decay were normalized as per cent of 
S,, the resulting normalized tension vs. 
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time curves followed the same time-course, 
within the error of determination of S, 
fig); Ler, 

100°CS:/S;)) = tC) (1) 


It is evident from figure 4 that the loss of 
normalized tension during a 5-minute de- 
cay, 100 (S,—S;)/S, (where S; is the 
5-minute tension) may be used as a con- 
venient* measure of the normalized decay 
rate. As a corollary of (1), a plot of the 
loss of actual tension during each 5-minute 
decay, (S,—S;), vs. S, yields a straight 
line which must pass through the origin. 
The slope of the least squares line through 
the (S, — S;), S, points, forced through the 
origin, is thus a weighted average of the 
losses of normalized tension over a wide 
range of peak tensions. The numerical 
values of this slope will be referred to as 
the mean decay rate, or MDR. 

The results seem contradictory (table 
1,a). In some cases the MDR was greater 
at 20°C than at 0°C; in others the opposite 


was true; and in some cases the MDR de- 
creased with cycling independently of the 
temperature change. The data derived 
from the control experiment described 
above show that cycling alone decreased 
the MDR (fig. 5). 

2. The rapid response. As previously 
described, this is the increase of tension 
accompanying each quick stretch. The in- 
crease of quick stretch tension, AS,, was 
recorded as the difference between S; of 
the preceding decay and the peak tension, 
S,, resulting from each stretch. 


For a series of quick stretches, A% L., of | 


standard size in terms of per cent equilib- 


eee 


rium length, AS, increases with the fiber | 


length (fig. 2). The stiffness of the rapid 
response can be expressed as the ratio 
AS,/A% L.. The value of this ratio for each 


4Neither the tension vs. time curves nor the 
normalized curves could be fitted by the sum of as 
many as three exponential terms in t over the 
initial 5 minutes of decay. 


TABLE 1 


Mean decay rate? 
a. Conditioned fibers in low salt 


Cycle Fiber no. 

m20: 116 1114 III 24 Ill 69 Til 72 Ill 79 III 82 Ill 77 
12 0.2863 O257 0.608 0.622 0.531 0.572 0.624 0.607 
2 0.150 0.224 0.511 0.564 0.466 0.573 0.505 0.469 
3 0.184 0.206 0.493 0.460 0.389 0.506 0.462 0.469 
4 0.170 0.244 0.528 0.400 0.378 —_ 0.446 0.476 
5 0.155 a oe a ee: = a = 
6 0.166 — === = a = = a 


a 


b. Shortened fibers in ATP-MgCls. The Les;20—Le,0 comparison 
pe ae eee eee eee 


Cycle Fiber no. 
m0: II 132 Ill 9 III 13 III 92 Ill 95 III 101 
12 0.500 — 0.578 0.687 0.639 0.614 
2) 0.681 0.689 0.738 0.791 0.810 0.784 
3 0.475 0.575 0.637 0.698 0.706 0.614 
4 0.565 0.678 0.733 0.786 0.795 0.779 


SSS ee EES eee 


c. Unshortened fibers in ATP-MgCl. at 0°C compared to shortened fibers in ATP-MgCls 
at 20°C. The LeyO—Le;20 comparison 
Sa ee eee eee eee 


Cycle Fiber no. 
m0. III 17 III 21 Ill 75 Ill 84 
12 0.639 0.591 0.531 0.478 
2 0.661 0.530 0.423 0.532 
3 0.728 0.729 0.519 0.680 


1 Defined in text. 


* The first cycle is the conditioning cycle in low salt. 
’ Cycle at 20°C. Italic figures refer to cycles at 0°C. 
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Fig. 4 Decay curve. Conditioned fiber in low salt. Ordi i ized 
ve. . Ordinate: tension, S:, normalized with respect 
a S., ae Jon, tension at ss onset of the decay. Abscissa: time. The eaves are extremes oe 6 
msecutive decay curves in the stretch-hold portion of a single cycle. The b 
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Fig. 5 The effects of cycling at constant temperature. Ordinate: ratio of the general response 
) , or of the MDR ——-—-, of any cycle, to that of the first, conditioning cycle. Abscissa: 
cycle number; the first cycle is the conditioning cycle. Conditioned fibers in low salt, @; fibers 
shortened in ATP-MgCl, ©. Note change of scale for the MDR. 


of the quick stretches of a cycle was plotted accord with results obtained in a previous 
(fig. 6) vs. the average tension® during each study of these fibers (Hayashi and Rosen- 
tretch, (S; + AS,/2) (where Ss is the 5- bluth, 54). 

inute tension of the preceding decay ). 5 Tension, dependent on time and length dur- 
o effect of temperature on the rapid re- ing each cycle, was chosen in preference to 
yponse stiffness is apparent. This is in length, which was an independent variable. 
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An approximation of the length vs. ten- 
sion curve® of the rapid response was de- 
rived from the stiffness of the rapid re- 
sponse. For each stretch the ratio A% L./ 
AS, is an approximation of the slope dL/ 
dS, of such a curve at the tension (S; + 
S,)/2; that is 

A%L,./ASq = dL/dS, = p’(Sa) 


Thus, when the curve obtained by plotting 
A%L./AS, vs. (Ss + AS,/2) was integrated 
graphically with respect to tension, an ap- 
proximation (fig. 7, e.g.) of the curve 
L = p(S,) was obtained. The derived areas 
were numerically equal to differences of 
%L.. These, and the related differences of 
S,, were located with respect to the origin 
by the values of AS, and A%L. of the 
initial stretch. 

This treatment of the data revealed a 
temperature effect not immediately evident 
from inspection of either the rapid re- 
sponse stiffness itself, or the slopes of the 
derived curves (cf. fig. 6 and Hayashi and 
Rosenbluth, ’54 to fig. 7). The obvious 
effect of temperature is a change of the 
quick stretch tension at a given length, 
(S,):. This tension was either greater at 


10.0 oe 


5.0 


2.5 


ie) 20 40 60 MG. 


Fig. 6 The rapid response stiffness. Condi- 
tioned fiber in low salt. Ordinate: rapid response 
stiffness. Abscissa: average tension during the 
stretch. First cycle, 20°C, ©; second cycle, 0°C, 
@; third cycle, 20°C, ©. 


20°C than at 0°C for either temperature 
sequence (figs. 7a, 7b) or differed very 
little from cycle to cycle (fig. 7c). The 
data of the control experiment (see B.), | 
when treated as described above, showed 
that cycling alone increased (S,): (fig. 8). 


C. Conditioned fibers in ATP-MgCl | 


In contrast to conditioned fibers in low’ 
salt, which have a unique equilibrium. 
length reversibly altered by temperature: 
changes (Tunik, 60), conditioned fibers | 
in ATP-MgCl. have two possible equilib-- 
rium lengths which depend on the treat-- 
ment of the fiber. These are: 

1. The shortened equilibrium length,, 
Le,, reversible altered by changes of tem-- 
perature (Tunik, 60). This was obtained | 
at 20°C by releasing a conditioned fiber to) 
30% of its equilibrium length in low salt. 
When the reaction mixture was converted | 
to ATP-MgCh, the fiber contracted freely to) 
L-., which was determined by the procedure }} 
described in the Materials and Methods; 
section. 

2. The unshortened equilibrium length, |} 
Le. This was obtained by treating the fiber: 
as described in 1. above, but at 0°C. No) 
detectable shortening occurred. When the} 
temperature was raised to 20°C the fibery 
shortened irreversibly to Le; that is, re-4 
turn to Lea at O°C was possible only via 
an applied stretch (Tunik, ’60). 


C(a). Conditioned fibers shortened 
in ATP-MgCl: 


In a control experiment these fibers were 
cycled several times in ATP-MgCl. at 20°C. | 
This tested the effects of ATP-MgCl; and] 
shortening on the conditioned state, and] 
the effects of cycling alone on the various3 
responses. The MDR of these fibersy 
changed as slowly with cycling as did thea 
MDR of conditioned fibers in low salt (fig. 
5; cf. curves 2 and 4). This was also true4¥ 
for the general response slope (fig. 5; cf..J 
curves 1 and 3). Thus the result of condi-4 
tioning, which is a reduction of the effectt 
of cycling on the responses of the fiber, 
was not reversed by treatment with ATP- 
MgCl, and shortening. 


SIf decay curves differ by a constant facton} 
only, the variables time and length are separable} 
and a length vs. tension curve may be obtainedd 
(Guth, ’47). 
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To determine the effects of temperature 
on the rapid and retarded responses, each 
of several conditioned fibers, shortened in 
ATP-MgCl, were cycled in this solution, 
starting from L.;, first at 20°C, then at 
0°C, and again at 20°C. 

1. The retarded response. The MDR 
was greater at 20°C than at O°C (table 
1,b). Data derived from the. control ex- 
periment described above shows that cy- 
cling alone decreased the MDR (fig. 5). 

2. The rapid response. The quick stretch 
tension at any given length, (S,):, was 
either greater at 20°C than at 0°C (fig. 
9a), or increased with cycling indepen- 
dently of the temperature change (fig. 9b). 
Data derived from the control experiment 
showed that cycling alone increased (S,). 

C(b). Conditioned fibers not shortened 
in ATP-MgCl, 

The equilibrium length, Le, of a con- 
ditioned fiber in ATP-MgCl. was determined 
at O°C. The fiber was then cycled at this 
temperature. The effects of temperature 
on the characteristics of the rapid and re- 
tarded responses of the fiber in the un- 
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shortened state could not be determined, 
since the fiber shortened freely to Les when 
the temperature was raised to 20°C. The 
characteristics of these responses of the 
fiber in the shortened state were neverthe- 
less determined by cycling the fiber, after 
shortening, at 20°C. The stretches of this 
second cycle, at 20°C, were made equal 


to those of the first cycle, at 0°C, in terms 


of the respective equilibrium lengths. 

1. The retarded response. 
the shortened fiber, at 20°C, was greater 
than that of the unshortened fiber, at 0°C 
(table 1,c). 

2. The rapid response. The quick 
stretches were expressed as per cent 
equilibrium length for each state of the 
fiber. Accordingly, (S,): was plotted vs. 
% Le; for the length vs. tension curve of the 
shortened fiber, at 20°C, and vs. % Leu for 
the curve of the unshortened fiber, at 0°C- 
In some cases (S,): was greater at 20°C 
than at O°C, increasing with cycling (fig. 
10a). In others, in contrast to results so 
far described (S,):t was smaller at 20°C 
than at 0°C, decreasing with cycling (fig. 
10b). 


140 16 0%Le 


Fig. 8 Derived length vs. tension curve for the rapid response. The effect of cycling at constant 


temperature, Conditioned fiber in low salt. Ordinate: quick stretch tension, S,. Abscissa: per cent 
equilibrium length at the start of each cycle, %L.-. Numbers adjacent symbols refer to the cycle; 
cycle 1 is the conditioning cycle. Curves for cycles 3, 4 and 5 have been ommitted for clarity. 
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ATP-MgCl.. 
% Ves. Symbols as in figure 7a. 


DISCUSSION 
I 


The effects of temperature alone on the 
rapid and retarded responses may be de- 
duced by correlating the control experi- 
ments, in which cycling alone affected 
these responses, with those experiments in 
which both cycling and temperature 
changes affected these responses. The con- 
trol experiments show that repeated cy- 
cling at constant temperature decreased 
the MDR (fig. 5) and increased (S,)x (fig. 
8) at a decreasing rate. When the tempera- 
ture was changed from cycle to cycle, any 
effect of temperature on these responses 
would have been modified by the effects 
of cycling. 

For three successive cycles at constant 
temperature it follows from figure 5 that 
the MDR of the second cycle should be 
intermediate between that of the first and 
third cycles, and closer to that of the third 
cycle. As the temperature was changed 
from cycle to cycle, these relations were 
obtained in fibers III 72 and III 82 (table 
1,a). This data suggests either that there 


115 %Le, 


Fig. 9 Derived length vs. tension curve for the rapid response. 
Ordinate: quick stretch tension, S,. Abscissa: per cent shortened equilibrium length, 
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was no effect of temperature on the MDR 
or that, if a temperature effect existed, it 
was smaller than the effect of cycling. In 
fiber II6 (table 1,a) the MDR did not de- 
crease regularly with cycling, but was 
greater in the second and third cycles, at 
0°C, than in either the first or 4th cycles, 
at 20°C. This data clearly indicates that 
the MDR was greater at 0°C than at 20°C. 
The data of fibers II 14 and III 24 (table 
1, a) lead to the opposite conclusion; that 
the MDR was greater at 20°C than at 0°C. 
When the data of only two cycles was 
available, and the MDR decreases with 
cycling. as in fiber III 77 (table dea) the 
temperature effect cannot be directly deter- 
mined from the data. 

From correlations similar to the above, 
some qualitative conclusions about the 
effects of temperature follow. These are: 

1. The MDR of a conditioned fiber 
shortened in ATP-MgCl. was greater at 
90°C than at 0°C. The MDR of a condi- 
tioned fiber in the shortened state in ATP- 
MgCl. was greater at 20°C than the MDR 
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Fig. 10 Derived length vs. tension curve for the rapid response. Conditioned fiber in ATP-MgCl2. 
The unshortened state at 0°C, first cycle, @, compared to the shortened state at 20°C, second cycle, , 
©. a, Abscissa: per cent shortened equilibrium length at 20°C, %lIes, and per cent unshortened . 
equilibrium length at 0°C, %Leu. Ordinate: quick stretch tension, S,. b, Ordinate and abscissa as: 
in a. Dashed curve is the derived curve for the shortened state at 20°C computed on the basis of © 


the unshortened equilibrium length, % Leu. 


TABLE 2 
Temperature and cycling coefficients! 


Mean decay 
rate 


Coefficient (Sq)? 


a. Conditioned fibers in low salt 


a +0.0137 +0.338 

b —0.0310 +0.127 
b. Shortened fibers in ATP-MgCl: 

a +0.176 +0.271 

b —0.00234 +0.247 


c. Unshortened fibers in ATP-MgCl, at 0°C 
compared to 
shortened fibers in ATP-MgCl: at 20°C 
a (+0.247)8 (—0.983 )3-4 
(+0.464 )*5 


1 Defined in the text. 

2 Means computed from individual values of a 
taken at integer values of (S,q)1; see table 3 
and text. 

3 Computed by assuming b has the same value 
as in table 2(b). 

4Integer values of (S,)x taken from curves 
based on Leg at 20°C and Ley at 0°C. 

5 Integer values of (S,)x taken from curves 
based on Ley only. 


900 


TUNIK 
} 


110 V2 Oe esos 


Ley 


of this fiber in the unshortened state in. 
ATP-MgCl. at 0°C. 

2. Where the effect of temperature could| 
be directly determined, the (S,)xz of a con-- 
ditioned fiber in low salt, and of a condi-- 
tioned fiber shortened in ATP-MgCh, was; 
greater at 20°C than at 0°C. The MDR of? 
a shortened fiber in ATP-MgCl, at 20°C! 
was greater than the MDR of this fiber: 
in the unshortened state in ATP-MgCl: at: 
OG: 

II 


The temperature effects discussed above: 
can be separated from the concurrent: 
effects of cycling and expressed quanti- 
tatively as follows: 

Let y represent either the MDR or (S,).. 
If y were not affected by cycling, a tem- 
perature coefficient, a, could be defined by: 
the relation 


Y200 = Yoo + aC yoo) (2)) 
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At constant temperature, the effects of cy- 
cling on y can be expressed in terms of a 
cycling coefficient, b, defined by the rela- 
tion 
Yn+1=Yn+b(yn) - (3) 
where n signifies the nth cycle. In the 
actual experiments both temperature and 
cycling effects occurred together; this may 
be expressed by combining’ (2) and (3) 
to give 
Yn+1, 200 = Yn, 00 + a(Yn, 00) + D(yn,00) (4) 
Yn+1, 00 = Yn, 200 — AC Yn, 200) + b(Yn, 200) (5) 


from which 


Ri = Yn+1, 200/Yn, 00 =~>1lt+a+b (6) 

Re = Yn+1, 00/Yn, 200 = 1—a+b a) 
whence 

a= (Ri — R2)/2 (8) 

b= (Ri + R: — 2)/2 (9) 


For the MDR, the coefficients a and b were 
evaluated from the weighted mean values 
of the individual ratios Ri; and Ra com- 
puted for each fiber. For (S,): the indi- 
vidual ratios were taken at integer values 
of %L., and temperature coefficients were 
computed for each value of % L. (table 3). 


III 


From these temperature coefficients and 
a proposed (Alfrey, 48) macromolecular 


basis for the behavior of homogeneous, 
oriented, three-dimensionally cross-bonded 
high polymers, a heterogeneous mechano- 
chemical structure of the actomyosin fiber 
is deduceable. The validity of this deduc- 
tion rests on the validity of these concepts, 
which are continually changing (see Flory, 
‘56a, ’56b) and on the validity of treating 
the actomyosin fiber as such a polymer. 
For these reasons the final conclusions ar- 
rived at are presented with strong reserva- 
tions. 

A. The following summarizes the pro- 
posed (Alfrey, 48) macromolecular basis 
for high polymer behavior. The polymer 
molecules in a fiber of the designated pol- 
ymer type are divided by the cross-bonds 
into flexible chain-like segments. The dis- 
tance between the ends of each segment 
is varied by thermokinetic forces. For each 
distance the segment assumes a different 
curled configuration. All configurations are 
assumed to be at the same potential energy 
level. When the fiber is at equilibrium 
length, each segment has an equilibrium 
configuration possessing maximum con- 
figurational entropy. When the fiber is 
stretched, the distance between the ends of 


7It is assumed that b is constant over the small 
range of three cycles, and independent of a; and 
that a is constant over the small range of absolute 
temperature studied, and independent of b. 


TABLE 3 
Temperature coefficients of (Sq)zr at integer values of %Le 


a. 
Conditioned fiber 


b. 
Shortened fiber 


Cc. 
Unshortened fiber in ATP-MgCly 
compared to shortened 


in low salt in ATP-MgCl» fiber in ATP-MgCle 
%L. a % Les ae al al.2 
0.405 101 --0.182 101 —1.025 —(0:2297 
1 setae 102 +0.267 102 —1.020 +0.095 
103 +0.380 103 +0.291 103 —1.029 +0.220 
104 +0.398 104 +0.282 104 —1.006 +0.307 
105 +0.392 105 +0.346 105 —1.002 -+0.430 
106 +0.400 106 +0.289 106 —0.927 +0.564 
107 +0.353 107 +0.328 107 —0.988 +0.617 
108 --0.269 108 +0.245 108 —0.978 +0.671 
109 +0.216 109 +0.234 109 —0.971 ate 
110 -+0.266 110 +0.277 110 —0.965 +1.243 
111 --0.306 sae +0.265 ial —0.952 — 
112 +0,322 112 +0,250 112 —0.937 — 
mean +0.338 +0.271 —0.983 +0.464 


1 Fach coefficient computed from values of Ri (see text) and an assumed value of b= 


+0.247, the value for shortened fibers in ATP-MgCly. 
2 Coefficients computed from curves based on % Les 


of Ri and b as in footnote above. 


only (see Discussion) and values 
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each segment increases as the segments 
uncurl to configurations of lower entropy. 
Also, entire molecules may be shifted past 
each other as cross-bonds are broken and 
reformed. When the fiber is released, each 
segment recurls under the influence of 
thermokinetic forces to its original equilib- 
rium length of maximum entropy. The 
fiber itself, however, may not quite return 
to its original equilibrium length, due to 
the shifting of molecules; this process thus 
results in an increase of equilibrium length, 
or set. 

Variation of the rate of the uncurling 
process is the basis for the rapid and re- 
tarded aspects of the response of the fiber 
to a quick stretch. The rate varies from 
extremely rapid for some structural ele- 
ments to extremely slow for others. The 
molecular shifting also proceeds at a slow 
rate. The structural elements (i.e., seg- 
ments, parts of segments, and cross- 
bonded combinations of segments) may 
be divided into two groups, based on the 
rate of stretch. The rapid elements are 
those whose components attain equilibrium 
configurations at a rate at least as rapid 
as that of the stretch. The retarded ele- 
ments are those whose components attain 
equilibrium configurations more slowly. 
The abrupt rise of tension characteristic of 
the rapid response results from uncurling 
of the rapid elements to configurations of 
lower entropy, and from distortion of bond 
angles and distances. The slow decay of 
tension characteristic of the retarded re- 
sponse commences when the stretch is 
completed. This decay results from later 
stages of both the uncurling process of the 
retarded elements, and the molecular 
shifting process. The earlier stages of 
these processes, occurring during the 
stretch, reduce the effect of the stretch 
on the rapid elements. 

B. The effect of temperature on the 
rapid response of the fiber to a quick stretch 
has been expressed as a temperature co- 
efficient (defined in II) of the tension at 
any given length, (S,):. That (S,): (de- 
rived in Experiments and Results, Section 
B. 2.) is an equilibrium tension is evid- 
ent from the following: (a) The rapid 
elements by definition (see III, A) have 
attained equilibrium configurations at all 
times during a stretch. As a result, ten- 
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sions exerted by these elements are equilib- 
rium tensions. (b) These elements may be 
considered to be connected in series with 
the retarded elements, by virtue of the pos- 
tulated cross-bonded structure of the fiber.* 
Consequently the fiber tension and the 
total tension exerted by the rapidly re- 
sponding elements are equal. Thus a 
change of fiber tension, AS,, is a change of 
equilibrium tension of these elements, and 


(S,)z, derived from AS,/A%L., is likewise © 


such an equilibrium tension. 

The concepts outlined in III, A lead via 
thermodynamic and statistical considera- 
tions to the following equation’ relating 


equilibrium tension to relative elongation — 


(Flory, *44): 
S/A = (RTp/M.)(a — 1/a?) (10) 


at constant length this may be written as: 
(S), = (RTm/M.)K (11) 


From the above discussion it is evident 
that (11) is applicable to (S,):. If thermo- 
kinetic forces alone affect (S,):, ie., M- 
and m in (11) are independent of tempera- 
ture, then the temperature coefficient of 


(S,): should be 0.073. Since it is circa 4 


times larger (tables 2,a and 2,b), m and/ 
or M. must be temperature-dependent. Be- 
cause there is no extra protein available in 
the reaction mixture, m remains constant. 
The larger value of the temperature co- 
efficient thus results from the temperature 
dependence of M.."° Evidently, M. de- 
creases as the temperature increases, i.e., 


8 Wherever rapid elements are cross-bonded in 
parallel to retarded elements, the resulting com- 
pound structure behaves like a retarded element. 

® Symbols for (10) and (11) are: S, equilibrium 
tension; A, area of average fiber coss-section; 
R, gas constant; T, absolute temperature; p, fiber 
density; M., average molceular weight of a seg- 
ment, inversely proportional to the extent of cross- 
bonding; a, relative extension; m, mass of poly- 
ee material; K, temperature independent con- 
stant. 

10 The occurrence during a stretch of the proc- 
esses underlying the retarded response does not 
alter, but strengthens, this conclusion. As a re- 
sult of this occurrence, the amount by which the 
rapidly responding elements are elongated by a 
stretch is reduced. This reduction is greater at 
higher temperatures, since the rate of the re- 
tarded Tesponse increases with temperature (see 
discussion, III, C). Consequently, if the rapidly 
responding elements were extended the full 
amount of, e.g., the first stretch, the ratio of the 
tension obtained at 20°C to that obtained at 0°C 
would be higher than that observed. 
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cross-bonding increases with temperature. 
‘This increase is nearly the same for fibers 
both in low salt (table 2,a) and shortened 
in ATP-MgCl, (table 2,b). 

C. The effect of temperature on the re- 
tarded response of the fiber has been ex- 
pressed as the temperature coefficient of 
the MDR (mean decay rate, defined in Ex- 
periments and Results, Section B. 1.). 
This effect may be considered as due to the 
temperature dependence of the rates of the 
uncurling and molecular shifting proc- 
esses. These are essentially flow processes, 
according to the theory outlined in III, A. 
The flow units are small groups of chain 
atoms in the segments of the polymer mole- 
cules. It has been proposed (Eyring, 41) 
that the primary event in flow is the ran- 
dom jump of a flow unit, under the in- 
fluence of thermokinetic forces, from one 

‘potential energy well to another over a 
potential energy barrier. Stress causes 
flow, ie., the uncurling and molecular 
shifting processes, by biasing the direction 
of these jumps (Eyring, 41). The rate 
of the uncurling and molecular shifting 
processes, and therefore of the tension de- 
cay which they underlie, accordingly in- 
creases with the stress and the thermo- 
‘kinetic force, i.e., temperature; and 
decreases as the potential energy barrier 
increases. 

This barrier to the jump of a flow unit is 
probably at least as high in the fiber as it is 
in water and many organic liquids, since 
the net effect of the intermolecular forces 
is greater in the fiber than in these liquids 
(e.g., the fiber sustains tension). From 
this estimate of the relative sizes of these 
barriers, it may be predicted, by applying 
the above concepts, and those presented in 
III, A, that the increase of the decay rate 
of the fiber tension with temperature should 
be at least of the same order of magnitude 
as the increase of the flow rate of these 
liquids with temperature. 

For fibers in low salt, however, the tem- 
perature coefficient of the mean decay rate, 
'MDR, (table 2,a) is at least one order of 
magnitude lower than that of the flow Pate 
of liquids." Apparently, increasing tem- 
perature produced changes in these fibers 
that compensate for the predicted increase 
of rate. The increase of cross-bonding with 
temperature (see III, B) produces changes 
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that could be the source of this compensa- 
tion. These are: (a) an increase of the 
height of the potential energy barrier; (b) 
at a given fiber tension, a decrease of the 
stress that biases the jumps of the flow 
units. Both of these changes tend to 
reduce the decay rate and thus oppose the 
increase of this rate resulting from the 
increase of thermokinetic force with tem- 
perature. 

For shortened fibers in ATP-MgClh, the 
temperature coefficient of the MDR is circa 
10 times larger than for fibers in low salt. 
It has been shown in III, B, however, that 
cross-bonding increases nearly as much in 
ATP-MgCl as in low salt. Consequently 
the changes in the height of the potential 
energy barrier, and in the size of the bias- 
ing stress, would also be nearly the same 
for fibers in these two solutions. These 
changes may, as they did in fibers in low 
salt, oppose the increase of the decay rate 
in shortened fibers in ATP-MgCl.. If so, 
then, to account for the higher tempera- 
ture coefficient of the MDR in these fibers, 
the effect on the decay rate of increased 
thermokinetic force, as the temperature 
rises, must be greater for these fibers than 
it is for fibers in low salt. This greater 
effect could result from: (a) a reduction 
of the potential energy barrier as the tem- 
perature rises, and/or (b) a higher bar- 
rier in ATP-MgCl. than in low salt.” AlI- 
ternative (a) is not compatible with the 
increase of this barrier with temperature 
resulting from increased cross-bonding. 
Alternative (b) must also be rejected for, 
if it were so, then at a given energy level 
of temperature and tension, the decay rate 
should be smaller in ATP-MgCl. than in 
low salt. The reverse is the case. At 0°C 
the average value of the MDR, corrected 
for the effects of cycling, is 0.616 for 
shortened fibers in ATP-MgCl., 0.391 for 


11 The temperature coefficient of the flow rate 
of liquids was computed from viscosity values 
for the liquids at 0°C and 20°C (Hodgman, ’51), 
assuming Newtonian viscosity. 

12Qr (c) the effects of temperature on the 
mechanochemical events of contraction, which 
are probably reversed in the decay process (see 
Hayashi and Rosenbluth, 53). However, since 
the decay process involves movement of a flow 
unit over a potential energy barrier, the effects 
of ATP-MgCl; on this process results basically 
from the effects of ATP-MgCl, on the potential 
energy barrier, i.e., alternative (b). 
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fibers in low salt. The relative magnitude 
of these values is in qualitative agreement 
with results obtained in other isometric 
experiments (Joseph, 52) in which the 
effects of ATP on the retarded responses of 
the actomyosin fiber were studied; and 
with the results obtained in isotonic ex- 
periments on the glycerinated psoas (Boz- 
ler, 52, 756). 

From this analysis it may be concluded 
that increased cross-bonding does not com- 
pensate for the increased effects of the 
thermokinetic force in shortened fibers in 
ATP-MgCl., i.e., it does not affect the de- 
cay rate. It may be further concluded that 
treating the conditioned fiber in low salt 
with ATP-MgCl. decreases cross-bonding. 
This latter conclusion parallels the inter- 
pretation of experiments on actomyosin 
solutions (Gergely, 56; Weber, 56) that 
ATP decreases the aggregation of acto- 
myosin. 


IV 


The conclusions of the preceding dis- 
cussion may now be adduced to support 
the hypothesis that the rapid and retarded 
components are not simply two aspects of 
a single physico-chemical structure. It has 
been concluded in III from the effect of 
temperature on the rapid response that 
cross-bonding increases in conditioned 
fibers both in low salt and in ATP-MgCh. 
It has been concluded further that in- 
creased cross-bonding does not affect the 
decay rate in ATP-MgCl:, but does in low 
salt. If the fiber has a homogeneous macro- 
molecular structure in ATP-MgCl:, in- 
creased cross-bonding in this structure 
should affect both the rapid and the re- 
tarded aspects of the mechanical response. 
A homogeneous structure is thus not com- 
patible with the conclusions of III. Fibers 
in ATP-MgCl. must therefore consist of 
separate rapid and retarded structural ele- 
ments; cross-bonding increases with tem- 
perature in only the rapid element. 

There are two alternatives for fibers in 
low salt: (a) They could consist of a 
single structural element in which cross- 
bonding increases with temperature. This 
would be converted to separate rapid and 
retarded series elements by ATP-MgCl.. 
After the conversion, thermally induced 
cross-bonding would occur in the rapid ele- 


ment only. The extent of cross-bonding of 
the retarded element would be reduced to a | 
level lower than that which exists in the 
conditioned fiber in low salt. (b) They 
could consist of separate series elements. 

There would be no effect of ATP-MgCl. on 
the thermally induced cross-bonding of the 
rapid element. However, the cross-bonding 
of the retarded element would be effected 
as described in alternative (a). Alterna- 
tive (b) seems the more probable because 
of evidence presented and discussed else- 
where (Tunik, 60). 


Vv 


Analysis of the data from another view- 
point further supports the conclusion that 
separate elements exist in ATP-MgCh. It 
has been shown (Hayashi and Rosenbluth, 
53) that the rapid and retarded aspects 
of the response of the actomyosin fiber are 
imitated by a mechanical model consist-: 
ing of rapidly responding elastic springs 
in series with slowly responding contrac-: 
tile links. If the links and springs have. 
structural counterparts in the fiber, then,, 
after isotonic contraction, the relative size: 
of the rapid element would be increased. 
Consequently, when tensions of the rapid. 
element are compared at the same relative: 
extension of this element, anomalous tem-: 
perature effects might be obtained if these: 
relative extensions are expressed in terms: 
of varying fiber lengths. For example, in. 
the comparison of (S,): of a condtioned. 
fiber in ATP-MgCl. in the unshortened. 
state at O°C to (S,): of this fiber in the: 
shortened state at 20°C, the quick stretches: 
were expressed respectively as A% Len and| 
A% Les. The results were, in fact, anom-- 
alous: (S,): decreased with cycling and 
increasing temperature (fig. 11b, solid| 


coefficient (table 2,c). This contrasts to) 
the results obtained when (S,)x of a con-- 
ditioned fiber in the shortened state ini 
ATP-MgCl, was compared at 0°C and| 
20°C (fig. 10 and table 2,b); and to the: 
results obtained for the fiber in low salt: 
(fig. 8 and table 2,a). If the quick: 
Stretches are expressed uniformly as; 
A% Leu, however, the results agree in every’ 
case (fig. 11b, dashed curve and table 2,C ah 
This circumstance further supports the? 
conclusion that separate rapidly and slow- 
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ly responding structural elements exist in 
conditioned fibers in ATP-MgCh. Since 
- ATP affects the retarded, but not the rapid 
aspect of the mechanical response of the 
actomyosin fiber, as has been shown here 
and elsewhere (Hayashi and Rosenbluth, 
°03, 54; Joseph, ’52), it may be concluded 
that the retarded structural element is the 
contractile element. 


VI 


To the extent that the conclusions pre- 
sented here are valid, the nature of the 
tension-bearing forces of the actomyosin 
fiber as a whole, deduced from the sign of 
the net tension change accompanying a 
causative temperature change, is not perti- 
nent to elucidation of the mechanochemical 
events underlying contraction. Rather, the 
nature of the tension-bearing forces of the 
slowly responding contractile element only 
should be considered for this purpose. 


SUMMARY 


1. The rapid and retarded responses to 
a quick stretch and hold of a mechanically 
conditioned actomyosin fiber were obtained 
over an extended range of length and ten- 
sion by a cycle consisting of a series of 

-standard stretch-holds and release-holds. 
_ 2. The tension decays during the holds 
of each cycle were superimposable if the 
tensions were normalized with respect to 
the peak tension at the onset of each decay. 
The MDR is defined as the mean of the 
normalized tension lost during each of the 
decays of a cycle. It serves as a con- 
venient measure of the decay rate over a 
wide range of peak tensions. 

3. A length-tension curve for the rapid 
response was derived graphically for each 
cycle from the amount of each quick stretch 
and its accompanying abrupt rise of ten- 
sion. The tension at any given length in 
this curve is designated (S,)x. 

4. Fibers were cycled alternatively at 
90°C and 0°C. The effects of temperature 
on the rapid and retarded responses were 
separated from those of cycling by defin- 
ing cycling and temperature coefficients. 
These were computed from the data. 

5. The positive temperature coefficient 
of the MDR obtained from cycles in low 
salt (0.05 M KCl, 1/10 Veronal, pH 7.6) 
is one-tenth that obtained from cycles in 
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ATP-MgCl (3 X 107? M ATPaatO naa 
MgCl, in low salt). In length-tension 
curves derived from cycles in low salt, the 
positive temperature coefficient of (Sq)z 
is nearly the same as it is in curves derived 
from cycles in ATP-MgCh. 

6. The data is analyzed within the 
framework of certain theories proposing 
a molecular basis for the mechanical be- 
havior of high polymers. The analysis 
leads to some conclusions about the macro- 


molecular structure of the actomyosin 
fiber. 
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The Effects of Temperature on Some Mechanochemical 
Properties of Actomyosin Fibers 


II. STATIC PROPERTIES!” 


BERNARD D. TUNIK 


Department of Zoology, Columbia University, New York, N. Y.3 


From the effects of temperature on the 
equilibrium tension of actomyosin fibers 
in low salt, conclusions have been drawn 
concerning the nature of the tension-bear- 
ing forces of the system (Botts and Mor- 
ales, 51). The experiments of these auth- 
ors are extended in the present investiga- 
tion in light of evidence that is compatible 
with the hypothesis that separate rapid 
passive and retarded contractile elements 
exist in these fibers in low salt, and that 
supports the hypothesis that these elements 
exist in these fibers in ATP-MgCl. (Tunik, 
60). 

If separate rapid and retarded elements 
exist, the effect of temperature on two sta- 
tic properties of these elements, equilibri- 
um tension and equilibrium length, should 
be biphasic. That is, the change of each 
of these properties, produced by a temper- 
ature change, should have rapid and re- 
tarded components. The nature of the 
tension-bearing forces of the retarded, con- 
tractile element could then be deduced 
from the sign of the retarded change of 
tension with temperature, by applying 
classical thermodynamics. 


EQUIPMENT 


Tensions were produced and measured 
with equipment described previously 
(Tunik, 60). Length changes were in- 
vestigated in subfibers held horizontally 
‘between two hooks (9, fig. 1) at the ends 
of glass rods. A glass guide plate (2)-and 
a guide tube (5) were fastened to the 
standing rod (6). A moving rod (7) trav- 
elled within the guide tube. Fit was im- 
proved with rubber sleeves (4). When- 
ever the position of the moving rod was 
changed, the rod was pressed by rotation 
(1) against the guide plate to prevent any 


changes in the alignment of the hooks. 
Measurements were made between wire 
reference points (3) fastened to the rods. 
Temperature was controlled and measured 
as described previously (Tunik, 60). In 
experiments on length changes, to reduce 
disturbance of the fiber, vessel contents 
were not stirred except during addition of 
reagents. 


MATERIALS AND METHODS 


The reagents and solutions used, the 
method of preparation of actomyosin and 
of fibers, and the mounting of fibers, were 
as previously described (Tunik, 59). 


Subfibers 


Preparation. This was the same as that 
for fibers, except that compression pro- 
ceeded very slowly in the final stages to 
prevent formation of bubbles which other- 
wise appear (Hayashi, 52). When the 
barriers were circa 0.5 cm apart, the par- 
tially compressed fiber was separated from 
them and split lengthwise in the trough 
into subfibers 50-100 u in diameter. 

Mounting. This was accomplished by 
affixing the ends of a uniform subfiber at 
least 14 mm long to the glass hooks of the 
apparatus while hooks and subfiber were 
in the trough. Apparatus and slack fiber 
were lifted from the trough, and fiber and 
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Fig. 1 Apparatus. 


hooks immersed quickly in 10 cm® of low 
salt in the reaction vessel (11, fig. 1). 
Equilibrium length. This was defined 
under each condition of temperature and 
chemical environment by slowly separat- 
ing the moving hook from the standing 
hook until a further slight increase of the 
distance between the hooks produced no 
further visible straightening of the fiber. 
The distance between reference points was 
measured, and the fiber released. The proc- 
ess was repeated several times. Before the 
fiber was mounted, several zero readings, 
to +0.2 mm, were taken of the distance 
between the reference points when the 
glass hooks were in contact with each 
other. The method resulted in determina- 
tions of equilibrium length reproducible to 
+1.4% of the mean length determined. 


Contractions 


Isometric contractions. These were pro- 
duced in fibers at equilibrium length by 
changing the reaction mixture from low 
salt to ATP-MgCl, in the manner previ- 
ously described (Tunik, 60). Tensions 
were measured with the apparatus and in 
the manner previously described (Tunik, 
60): 

Unloaded isotonic contractions. These 
were produced by changing the reaction 
mixture from low salt to ATP-MgCl.. Five 
cm’ of low salt was withdrawn from the 
reaction vessel and mixed with 0.11 cm‘ 
stock MgCl, 0.06 cm*® Veronal buffer pH 
7.6, and 0.5 cm’ neutralized ATP. This 
mixture was then added to the low salt re- 
maining in the reaction vessel. Before 
this addition, the subfiber was released to 
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For details see text. 


30% of its equilibrium length in low salt. 

This release insured slackness of the fiber 
at the time of the first length determina- 
tion during the contraction. Length was 
measured at two minute intervals by a 
single operation as described for measure- 
ment of equilibrium length. During the 

time the fiber was held straight between 
the hooks, contraction was actually iso- 

metric. This condition lasted only 15 sec. 

however; then the fiber was released again. 
Measurements were continued for 15 min. 

or until no further change of length oc- 

curred, whichever was longer. 


EXPERIMENTS AND RESULTS 
A. Length changes 


1. Native* subfibers shortened in ATP-.- 
MgCl. The equilibrium length, L., of a. 
fiber was determined in low salt at 20°C. 
Then the fiber was released to less than. 
30% of this length so that when it was; 
equilibrated in ATP-MgCl. for 15 minutes; 
it remained slack, even though it was con-- 
tracting isotonically. The shortened equi-- 
librium length, Le,, was then determined by’ 
taking up the slack as previously described. . 
While the fiber was held straight between) 
the hooks at this length the temperature?! 
was lowered to O°C. An appreciable! 
amount of slack developed. 

To measure the amount of this elonga- 
tion, and in order to eliminate the fiber: 
weight as a factor, a subfiber, contracted in 
ATP-MgCl, at 20°C as described above,, 
was released to well below Le:. Most of its 
length was supported by the bottom of the 


*These had received no treatment other tha 
the process of formation. 
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Fig. 2 Shortened native fiber in ATP-MgCl2. Change of length with temperature; effects 
of frequency of length measurements. Ordinate: per cent equilibrium length —OQ—; tem- 
perature -—O--. Abscissa: time. Reaction mixture changed to ATP-MgCl, at the arrow. 
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Fig. 3 Change of length with temperature. Ordinate: per cent equilibrium length —OQ—; 
temperature ——OQ-—-. Abscissa: time. Reaction mixture changed to ATP-MgCl, at the arrow. 
a, Native fiber in low salt. b, Native fiber shortened in ATP-MgClz. The completely shortened 
fiber was released until slack and supported on the bottom of the reaction vessel between 


each determination of length. 
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vessel. The temperature was reduced and 
the equilibrium length determined. An 
increase of equilibrium length was ob- 
served which was reversed by a subsequent 
increase of temperature to 20°C (fig. 3). 

The length measurement itself might 
have stretched the fiber, producing the 
observed elongation. To test this, the 
equilibrium length of a shortened fiber was 
first measured at 20°C. Length determina- 
tions were then carried out while the reac- 
tion mixture was being cooled. They were 
repeated several times after the tempera- 
ture had reached equilibrium (fig. 2). Af- 
ter warming the reaction mixture to 20°C 
the equilibrium length of the fiber was 
again determined. The temperature was 
again lowered, but measurement of the 
equilibrium length was made only after 
the same time had elapsed as was previ- 
ously required for the fiber to reach equilib- 
rium length at 0°C. The results (fig. 2) 
show that stretching was not the source 
of the elongation. 

2. Native subfibers in low salt. No re- 
versible temperature induced elongation 
could be detected (fig. 3). However, it was 
possible that minute shape changes might 
nevertheless be occurring. If so, they 
would produce either a change of length at 
constant tension, or a change of tension at 
constant length. Since no change of length 
was detectable, the more sensitive method 
of observing changes of tension at fixed 
length was applied. 


B. Changes of static tension 


1. Native fibers at equilibrium length in 
low salt. The tension changed reversibly 
and inversely with the temperature; i.e., 
the temperature coefficient of tension was 
negative. The rate of the tension change 
was less than that of the causative tem- 
perature change (fig. 4a). 

2. Native fibers above equilibrium 
length in low salt. These fibers were 
treated as follows. The fiber was stretched 
to the desired length and the resulting ten- 
sion was allowed to decay until the decay 
rate fell to 1 mg/min. or less. The tem- 
perature was then lowered and held at the 
lower level until all ensuing tension 
changes, due to the temperature change, 
had reached equilibrium. Then the tem- 
perature was raised again. 
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At small extensions, the temperature co- 
efficient of tension was negative (fig. 4b). 
The rate of the reversible change of ten- 
sion with temperature was slower than 
that of the causative temperature change. 
At somewhat larger extensions, a small, 
positive, rapid component of the tension 
change appeared (figs. 4b and 4c). At 


still greater lengths the temperature Co-_ 
efficient of tension became completely posi- | 
tive (fig. 4d). This reversal of the sign 


of the temperature coefficient of tension 
from negative to positive was itself re- 
versible (fig. 6). It took place at circa 
135% L. (fig. 5). This reversal of sign 


did not invariably occur, however. When | 


it did not take place, the temperature co- 
efficient of tension remained negative at 
lengths much greater than 135% L. (fig. 
5). 

a order to determine whether or not the 
sign reversal described above was the re- 
sult of either the temperature change or 
the duration of the experiment, two control 
experiments were performed. In one, fi- 


bers held at L. were subjected to repeated | 


temperature changes. In the other, fibers 
held at L. were aged 1,440 hours at 4°C. 
Neither treatment altered the properties 
of the fiber, to the extent that the tem- 


perature coefficient of tension remained | 


negative at lengths less than ca. 135% Ik. 

3. Native fibers at equilibrium length in 
ATP-MgCl,. The active isometric tension 
developed by changing the reaction mix- 
ture from low salt to ATP-MgCl, at 20°C 
fell with the temperature (fig. 7). When 
the temperature was raised, the tension 
increased at least as rapidly as the tempera- 
ture (fig. 7). This has been shown to be 
the case for the glycerinated psoas model 
(Varga, 50). The tension of the acto- 
myosin fibers reached its maximum value 
in an average of 2.3 min. before the tem- 
perature had reached equilibrium. A con- 
traction produced by changing the reac- 
tion mixture to ATP-MgCl, at 20°C re- 
quired an average of 8.2 min. longer to 
reach equilibrium (a, fig. 7) than a tem- 
perature-induced contraction required to 
attain maximum tension (b, fig. 7). The 
effects of an ATP-MgCl: induced contrac- 
tion at 20°C were not prerequisite for the 


rapidity of the temperature-induced con- | 


traction in ATP-MgCl; (cf. figs. 7 and 8). 
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Fig. 5 Change of sign of the net tension change with temperature. Ordinate: net change 
of tension per 20°C temperature change. Positive values indicate tension and temperature 
changed in the same sense. Abscissa: fiber length. Each symbol represents fibers made from 
a different batch of actomyosin. 


40 MINUTES 


Fig. 6 Native fiber in low salt. Reversibility of the reversal of sign o 
tension with temperature. Ordinate: tension. Abscissa; time. a, Fiber ene “ 
At 1, 135 min. after the stretch, the fiber was released completely, equilibrated 135 min. and 
stretched to 118% L.. b, Fiber at 118% L,. Insets: difference between the observed tension 
and tensions calculated from the decays using a single exponential term in t. 
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Fig. 7 Native fiber at equilibrium length. Effect of temperature on tension developed 


in ATP-MgClye. Ordinate: 


tension —O-—-; temperature —G)—. 


Abscissa: time. Reaction 


mixture changed to ATP-MgCl:, ,“. Temperature changed, J \,. 


The tension at 0°C was, for 20 fibers, an 
average of 29.4% of the tension developed 
by changing the reaction mixture to ATP- 
MgCl; at 20°C. 


DISCUSSION 


I 


The temperature-induced elongation ob- 
served in shortened fibers in ATP-MgCl: 
may be due merely to the fact that the 
fiber is subjected to small stretches in the 
procedure for determining its length, re- 
sulting in an extension at 0°C which is 
reversed by recontraction at 20°C. If so, 
the measured length at O°C should in- 
crease as each measurement is taken; 
should never reach an equilibrium; and 


should depend on whether one or several 
measurements are taken. The length in 
fact did reach an equilibrium (fig. 2) at 
0°C as measurements were taken. This 
equilibrium was the same as that obtained 
when measurements were taken only after 
enough time had elapsed for the fiber to 
reach equilibrium at 0°C again. 

Another possibility exists. Passive ele- 
ments could be compressed when the fiber 
contracts at 20°C and then expand when 
the contractile force is reduced at 0°C, ex- 
tending the fiber. To function as proposed, 
these passive elements must be in parallel 
with the contracting portions of the fiber. 
It follows that the amount of compression 
and therefore of reextension should be cor- 
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Fig. 8 Native fiber at equilibrium length. Effect of temperature on tension developed in 


ATP-MgCls. Symbols as in figure 7. 


related with the contracted length*® at 20°C. 
The coefficient of correlation, r, between 
the contracted length, 59% lL., and the 
elongation, 10% L. (means for 57 fibers) 
was 0.0016, with confidence limits —0.28 
=r = +0.28, at the 90% confidence level. 
Thus there is extremely little if any corre- 
lation between the contraction and the 
elongation. 

From the above discussion it may be 
concluded that the elognation is not due 
to passive parallel elements, nor to strech- 
ing, but is an active elongation of the series 
elements being considered in this investiga- 
tion. To avoid the implication in the word 
“active” that chemical energy is involved, 
the term autoelongation will be used. 


BERNARD D. 


Active 


TUNIK 


Isometric 


TEMPERATURE, 


60 


40 


Misl? N° URTISESS 


The monophasic character of this length 
change (figs. 2 and 3) may be due to the 
fact that the vessel contents were not 
stirred, resulting in a slow temperature 
change. If the length change were actually 
biphasic, as is the tension change, the re- 
sponse of the component changing as rap- 
idly as the temperature would have been 
retarded by the slowness of the tempera- 
ture change. The rapid component would 
have thus become indistinguishable from 
the retarded component. Even though 
rapid and retarded components of the 
length change were not observed, the re- 


° As a result of uncontrolled variables, the con- 
tracted length varied from 38% L. to 86% Le. 
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sults may be used to test some theories 
of contraction. 

The fiber in the uncontracted state has 
been described (Pryor, 50) as a body in 
which entropic contracting forces are op- 
posed by cross-bonds. When these bonds 
are broken by a chemical energy source 
acting as a plasticizer (e.g., ATP), the un- 
opposed entropic forces are free to develop 
tension. According to high-polymer theory 
as previously discussed (Tunik, ’60), re- 
duction of cross-bonding would also in- 
crease the decay rate. If the tension were 
produced by the proposed mechanism, the 
temperature dependence of the decay rate 
and of the tension should be the same. 
From the data presented here, a tempera- 
ture coefficient of tension, as defined pre- 
viously (Tunik, 60) may be computed. 
Its value, 2.4, is cicra 10 times that of the 
temperature coefficient of the mean decay 
rate (Tunik, 60). The tension developed 
by the actomyosin fiber in ATP-MgCl, thus 
does not seem to result from increased 
plasticity as such. This conclusion is in 
accord with the occurrence in the glycerin- 
ated psoas model of plasticization without 
contraction (Portzehl, 52) and of con- 
traction without stiffness changes (Bozler, 
°96); and with the observations that whole 
muscle is stiffer during the active state 
than during the resting state (Buchtal, 
‘91; Hill, *50, 51). Furthermore, as is 
shown in II below, in low salt the tension 
of the retarded, contractile element is not 
due to entropy but entirely to potential 
energy. Thus this proposed mechanism 
is not in accord with the facts. 

The fiber has also been described as a 
system in which elastic shortening forces 
of the magnitude of the isometric tension 
are balanced in the uncontracted state by 
the electrostatic repulsion of positive 
charges (Morales and Botts, 52; Morales 
et al., 55). Contraction supposedly oc- 
curs when ATP binds to the molecule and 
neutralizes these repulsive charges. Ap- 
plying this concept, the 70% reduction of 
the isometric tension developed at 20°C 

that occurs when the temperature is low- 
ered to 0°C occurs because the proposed 
process of charge neutralization has been 
partially reversed; cicra 70% of the 
charges have been reconstituted. If this 
were true, then in a fiber which has been 


contracted isotonically circa 40% of its 
original length at 20°C, lowering the tem- 
perature to 0°C should produce an auto- 
elongation equal to circa 70% of the con- 
traction, ie., a 28% autoelongation. An 
autoelongation of this size does not oc- 
cur; it is only 10%. Also, one would ex- 
pect a correlation between contraction and 
autoelongation. No such correlation was 
detected. Thus this proposed mechanism 
is not in accord with the facts. 


II 


If the reversal of the sign of the temper- 
ature coefficient of static tension of the na- 
tive fiber in low salt were a basic property 
of the contractile material itself, it should 
occur invariably. Since it does not, this 
reversal is probably not due to a tension- 
produced conversion of the contractile ma- 
terial from a system in which tension is 
due to potential energy® to one in which 
tension is due at least in part to entropy,° 
as has been proposed (Meyer and Picken, 
37) to explain a similar sign reversal in 
whole muscle (Meyer and Picken, ’37; 
Feng, 32). Rather, the sign reversal, the 
difference in the rates of the negative and 
positive responses of tension to a tempera- 
ture change, and the existence at inter- 
mediate lengths of both of these responses, 
are all probably due to the existence of two 
distinct elements in the fiber in low salt, 
a structure previously proposed (Tunik, 


6 A negative change of tension with tempera- 
ture, equivalent to a positive change of length 
with temperature, is characteristic of a system in 
which the tension is due solely to potential energy. 
A positive change of tension with temperature is 
characteristic of a system in which the tension is 
due at least in part to entropy (Botts and Morales, 
751). Since these relations are based on an equa- 
tion derived from thermodynamic considerations 
(Elliott and Lippman, *45), they apply rigorously 
only if the tensions are equilibrium tensions. If 
the system is not at equilibrium, the relations 
may nevertheless apply if the tension changes re- 
sulting from the decay are small with respect to 
the temperature-induced change of tension dur- 
ing the time required for completion of this 
change (Guth, ’47). Even under conditions where 
the change of tension due to the decay process is 
relatively large (figs. 4b and 4c), the change of 
tension with temperature is still qualitatively 
similar to the change of tension with temperature 
at equilibrium length, i.e., equilibrium tension. 
The change of tension with temperature can 
therefore be considered to be superimposed on the 
process of tension decay whenever the latter oc- 
curs (see fig. 6). 
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60). The sign reversal in this view could 
then be due to changes in the relative con- 
tribution of the change of tension of each 
element to the total change of tension ob- 
served. Those instances in which the sign 
reversal of the temperature coefficient of 
tension does not occur, could result from 
complete dominance of the tension change 
by the contribution of the retarded ele- 
ment. 

The temperature coefficient of the quick 
stretch tension’ of the fiber in low salt and 
in ATP-MgCl, (Tunik, 60), and of the 
rapid aspect of the change of static tension 
with temperature in low salt, are all posi- 
tive. From this, and thermodynamic con- 
siderations® it may be concluded that the 
tension of the rapid, passive element is 
due at least in part to entropy, in both low 
salt and ATP-MgClh. 

Since the retarded response alone is 
affected by ATP-MgCl, (Hayashi and 
Rosenbluth, °53, 54; Joseph, 52; Tunik, 
’*60), it has been concluded that the re- 
tarded element of the fiber in low salt is 
the contractile element (Tunik, 60). Asa 
consequence of this, and the negative tem- 
perature coefficient of tension of the re- 
tarded response reported here, it may be 
concluded that the tension of the con- 
tractile element is due solely to potential 
energy when the fiber is in low salt. 

Interpretation of the nature of the ten- 
sion-bearing forces of the contractile ele- 
ment in ATP-MgCl. by classical thermo- 
dynamics may not be valid because of the 
possibility that a temperature-sensitive 
steady state transfer of energy occurs un- 
der these conditions. Application of the 
principles of steady state thermodynamics 
may be required. A further study of the 
temperature induced changes of length 
and tension of the fiber in ATP-MgCl. is 
being undertaken along these lines. 


SUMMARY 


1. A 10% monophasic autoelongation 
occurs when native actomyosin fibers in 
ATP-MgCl:, fully contracted at 20°C, are 
cooled to 0°C. No length change of the 
native fiber in low salt is detectable. 

2. These fibers, held at their equilibrium 
length, L., in low salt at 20°C, develop 


tension when cooled to 0°C. This tension 
change thus has a negative temperature Cco- 
efficient. The change is reversible and is 
slower than the causative temperature 
change. 

3. The passive tension developed by 
stretching these fibers to moderate lengths 
also has a negative temperature coefficient 
and changes reversibly more slowly than 
the temperature. 

4. The sign of the temperature coeffi- 
cient occasionally becomes positive above 
ca. 135% Le. This sign reversal, when it 
occurs, is itself reversible. When the co- 
efficient is positive, the reversible change 
of tension occurs as rapidly as the causa- 
tive temperature change. 

5. At intermediate lengths the change 
of tension with temperature is sometimes 
biphasic, with both a rapid component | 
having a positive temperature coefficient 
and a retarded component having a nega- 
tive temperature coefficient. 

6. Active isometric tension is developed 
more slowly by adding ATP-MgCl: to na- 
tive fibers at 20°C than by quickly warm- 
ing fibers in ATP-MgCl. from 0°C to 20°C. 
The tension rises as rapidly as the tempera-" 
ture. It falls on cooling to 0°C to 70.5% 
of the tension developed by adding ATP-. 
MgCl. at 20°C. : 

7. Conclusions based on these and pre- 
viously reported results are presented 
which describe the nature of the tension- | 
bearing forces of the component struc- 
tural elements of the actomyosin fiber. 
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7It has been shown (Tunik, ’60) that the quick : 
stretch tension may be considered an equilibrium 


tension. The need for equilibrium is discussed 
in footnote 6. 
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The Haptoglobins, Hemoglobins and Serum Proteins 
of the Alaskan Fur Seal, Ground Squirrel 


and Marmot 


There has been an increasing interest in 
the study of systems of genetically con- 
trolled polymorphic proteins in humans 
and other animals. During the course of 
eld investigations in Alaska on the dis- 
tribution of genetically determined bio- 
hemical traits in humans, an opportunity 
arose to collect blood specimens from some 
ctic animals. The present paper is a 
eport of observations of starch gel and 
aper electrophoresis studies on the hemo- 
lobin and serum of these animals and a 
ontribution to the comparative biochem- 
istry of proteins which in some species 
ave been shown to be genetically deter- 
nined. 

Two or more hemoglobin types, distin- 
ishable by electrophoresis, chromatog- 
aphy and other techniques have been 
identified in several species. In some 
ases, there is a polymorphism, one or two 
ajor hemoglobin components being pro- 
uced under the control of allelomorphic 
enes in different members of a single 
pecies. The presence of sickle-cell and 
ther abnormal hemoglobin types in man 
nd different hemoglobin types in cattle 
Cabannes and Serain, 55; Bangham and 
lumberg, 51) and sheep (Evans et al., 
56) exemplify this situation. Variations 
n monkeys (Jacob and Tappen, ’58) prob- 
bly fall into the same category, although 
© genetical investigations have been 
ade. In man a major (A:) and two 
inor (A, and A;) hemoglobin compon- 
nts are found in all normal subjects, and 
chere is evidence that the formation of the 
, and Az components is under independ- 
nt genetical control (Ceppellini, Kunkel 
nd Dunn, in preparation ). In other cases, 
wo or more main hemoglobin components 
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are present in all members of a species or 
strain, and presumably their synthesis is 
again under independent genetic control. 
This is true of the horse (Cabannes and 
Serain, 55), mouse (Ranney and Glueck- 
sohn-Waelsch, 55), chickens (Johnson 
and Dunlap, 55; Saha, Datta and Ghosh, 
07), various birds (Datta, Ghosh and 
Guha, 58) and various reptiles including 
turtles (Ramirez and Dessauer, °57). 

The haptoglobins are a family of serum 
proteins which bind hemoglobin and have 
been studied extensively in humans by 
Jayle and his associates (Jayle, Boussier 
and Tonnelat, 56). By means of starch 
gel electrophoresis human sera can be 
typed in three groups, the determining dif- 
ference being the pattern of haptoglobins 
(Smithies, 55). In type 1-1 there is a 
single haptoglobin band migrating near the 
8-globulins. In type 2-2 there are three or 
more fine bands in the region between «a 
and 6-globulins. Type 2-1 contains 4 or 
more bands, one corresponding to the hap- 
toglobin of type 1 and the others similar 
to, but not identical with, three bands of 
type 2-2. By family studies, Smithies and 
Walker (755) and Galatius-Jensen (757) 
have shown that these patterns are genet- 
ically determined by a pair of autosomal 
allelic genes designated Hp* and Hp’ with 
full expression in the heterozygote. Others 
have shown that their incidence varies in 
different populations (e.g. Allison, Blum- 
berg and ap Rees, 58). We are not aware 
of any published reports of intraspecies 
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variations of haptoglobin type in animals 
other than man. 

Differences between the patterns ob- 
tained by zone electrophoresis of serum 
proteins of different species have been de- 
scribed by Woods, Paulsen, Engle, and Pert 
(58). Intraspecies differences have been 
found on starch gel electrophoresis of {- 
globulins in man (Smithies, °57), and 
cows, sheep, and goats (Ashton and Mc- 
Dougall, 58; Smithies and Hickman, ’58). 


METHODS 


Bloods from the fur seal (Callorhinus 
ursinus) were collected on St. Paul’s Is- 
land in the Pribilof group, Alaska, during 
the 1958 killing season through the cour- 
tesy of Mr. Ford Wilkie, Chief, Marine 
Mammal Research, Bureau of Commerical 
Fisheries of the Fish and Wildlife Service, 
Seattle, Washington. The samples were 
from males approximately three years old. 
The ground squirrels (Citellus parryii bar- 
rowensis ) and marmots (Marmota caligata 
broweri) were collected through the cour- 
tesy of Ensigns L. Nash and E. J. Han- 
cock and Commander A. E. Fisher, 
U.S.N.R. at the Arctic Research Labora- 
tory, Barrow, Alaska. After the animals 
were killed, the blood was withdrawn from 
the heart or great vessels, placed in suit- 
able containers, and the red blood cells 
separated from the sera by centrifugation. 
In some cases clotting was prevented by 
the use of oxalate as an anticoagulant, but 
these specimens showed no differences 
from the clotted ones. The sera were kept 
frozen and the red blood cells at 4°C until 
the tests could be performed in Bethesda. 

The Guernsey cow hemoglobin used in 
the comparative studies had two compon- 
ents on paper and gel electrophoresis. This 
has been designated cow hemoglobin type 
AB by Bangham (’57). It was collected 
through the courtesy of Dr. J. F. Sykes, 
Agricultural Research Center, Beltsville, 
Maryland. 

A hemoglobin solution was obtained 
from red cells washed with normal saline 
by freezing a suspension of the cells in 
distilled water, thawing and centrifuging 
for 30 minutes at 10,000 rpm. Specimens 
were run on paper and gel electrophoresis 
as oxyhemoglobin and cyanmethemolobin 
after treatment with sodium ferricyanide 


or nitrite and sodium cyanide; no obvious 
differences between the results using these 
hemoglobin derivatives were noted. 

Paper electrophoresis was done with the | 
Spinco model R apparatus (Beckman/ | 
Spinco Division, Palo Alto, California) us- 
ing Whatman no. 3 filter paper. Barbitu- 
rate buffer pH 8.6, ionic strength 0.075 
was used for the serum protein experi- 
ments and barbiturate buffer pH 8.6, ionic 
strength 0.05 for the hemoglobin deter- 
minations. Hemoglobins, serum proteins, | 
and serum haptoglobins were studied by 
starch gel electrophoresis using the con- 
ditions for serum proteins described by | 
Smithies (755). Trays of 40 mm and 80) 
mm width were used and up to 8 sera) 
could be compared side by side. Hapto- 
globins were identified by adding homol- 
ogous hemoglobin to the sera before elec- 
trophoresis and identifying the hemoglo- 
bin-binding protein bands by staining with 
benzidine and hydrogen peroxide as de- 
scribed elsewhere (Allison and ap Rees, 
58; Allison and Blumberg, *58). Hemo-: 
globin concentration was determined by ’ 
the method of Drabkin (59). Protein. 
staining was done with amido black 10B. 
(Hartman-Ledden Co., Philadelphia) dis- - 
solved to saturation in a solution contain-» 
ing methyl alcohol and distilled water in. 
equal proportions and 10 per cent glacial. 
acetic acid. Differentiation was carried out : 
with the alcohol, water, acetic acid mixture : 
alone. Paper strips were stained with: 
Bromphenol Blue (Spinco dye B-1). For: 
the comparative studies, the sera and hem-- 
oglobin solutions were dialyzed in the: 
same container against 0.9 per cent sodi-- 
um chloride solution for 24 hours with) 
three changes each of 1000 ml of dialysate. | 
There was no difference in migration be-- 
tween the dialyzed and undialyzed speci-- 
mens. 

The hemoglobins of 27 seals, 8 ground! 
squirrels and 4 marmots and the sera of | 
36 seals, 8 ground squirrels, and 4 mar-- 
mots were studied. Each of the hemoglo- 
bins and serum proteins studied were re- 
peated 4 or 5 times on the same specimen 
with consistent results. Freezing and thaw- 
ing of specimens up to 10 times did not! 
have a significant effect on the identifica-. 
tion of the patterns. 
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RESULTS 


Hemoglobins. The migration of the he- 
moglobins was studied by means of paper 
and starch gel electrophoresis. The rela- 
tive migrations observed were the same by 
both techniques although more detail 
could be seen by the starch gel method. 
The starch gel results are shown in figure 1 
compared to the major band of normal 
human adult hemoglobin A and to cow 
hemoglobin AB. Seal hemoglobin has two 
major components, the faster designated A 
and the slower B, and a slower diffuse mi- 
nor component which can be detected by 
benzidine or amido black staining. All of 
these peaks migrate more slowly than 
human hemoglobin and either peak of cow 
hemoglobin type AB. Ground squirrel 
hemoglobin has a single component (al- 
though the band is broad) which migrates 
slightly faster than seal hemoglobin B and 
slightly slower than human hemoglobin A. 
Marmot hemoglobin migrates with about 
the same mobility as ground squirrel he- 
moglobin. In some runs it was a single 
peak and in others it was resolved into two 
components. No intraspecies differences 
were seen, from which limited data it ap- 
pears that there may be no hemoglobin 
polymorphism in these animals. 

Serum proteins; paper electrophoresis. 
The patterns observed after paper electro- 
phoresis all show interspecies differences 
(fig. 2). While the names of the protein 


a O 


Human 


Cow (AB) 
Seal 


Ground squirrel 


Marmot 


Fig. 1 Starch gel electrophoresis of hemoglo- 
bins after staining with amido black. O, origin; 
the positive pole is indicated. 


bands, both for paper and starch gel, are 
assigned according to their apparent cor- 
respondence to the human bands, this 
does not imply that they are the same pro- 
teins. The fur seal alpha: globulin band 
was broad and could be resolved into two 
components. The albumin traveled some- 
what faster than that of humans. The 
ground squirrel had two peaks in the 6- 
globulin region with most of the staining 
in the slow-moving component, and most 
of the alpha globulin traveled in the alpha, 
position. Two patterns were seen in the 
marmot. All but one showed a single beta 
peak with approximately the same mobil- 
ity as human beta. The alpha: and albu- 
min bands traveled faster than the cor- 
responding human one. One animal was 
quite different from these and had two 
beta peaks with most of the staining in 
the slower-moving bands. It had no alpha: 
globulin. This was the same animal which 
had the type 2 haptoglobin pattern (see 
below). No intraspecies differences were 
apparent in the gamma globulins in any 
of the species. 

Serum proteins; starch gel electrophore- 
sis. The gel slab was split in two, one half 
stained with amido black to reveal the 
serum proteins and the other with benzi- 
dine to indicate the position of the hapto- 
globins. The amido black staining will be 
described first using the nomenclature of 
Smithies (55). In figure 3 two different 
seal sera are compared to a type 2-1 hu- 
man sera. All the specimens contained 
homologous hemoglobin. The slow alpha: 
migrates with approximately the same 
velocity in both species. The alpha-beta 
bands are generally not seen in seal sera 
with the exception of one animal where a 
band corresponding approximately to the 
second human alpha-beta band was seen 
(fig. 3, seal 5170). However, this does 
not bind hemoglobin as it does in humans. 
An intense staining band which appears 
to correspond to the human 6-globulin con- 
tains the hemoglobin-binding haptoglobin 
(see below) as it does in the human types 
1-1 and 2-1. Adjacent to and faster than 
the beta globulin band is another band, 
which in some sera contains haptoglobin 
and binds hemoglobin and in others does 
not (see below). Another band which 
corresponds approximately to the human 
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Seal 


Ground Squirrel 


Marmot 
Type I 


Marmot 
Type 2 


Fig. 2 Paper electrophoresis of human, seal, ground squirrel, and marmot sera. See text 
for details of techniques and description of patterns. In the marmot studies, types 1 and 2 


refer to the nomenclature used in figure 7 and the text. 


alpha, globulin; 
dicated, 


A, albumin; a1, alpha; globulin; ao, 
B, beta globulin; O, origin; y, gamma globulin. The positive pole is in- 
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Seal 
Hemoglobin 


b Seal 5170 


c Seal 5167 


d Seal 5167 


e Human 
Type 2-l 


f Seal 5170 


Sa2 


a A raf aB 
and 


Hb 


Fig. 3 Starch gel electrophoresis studies of seal sera compared to a human serum and 
seal hemoglobin. a, A diagram of the starch gel electrophoresis of seal hemoglobin (see 
fig. 1) showing the relative position of the hemoglobin bands; b, c, benzidine staining of 
the hemoglobin-binding bands showing the type 1 (c) and type 2 (b) haptoglobin patterns; 
d, e, f, g, amido black staining of two seal sera compared to a human serum. The bands 
of the human serum are diagramed in g to facilitate identification. A, albumin; Fa:, Hb, 
fast alpha, globulin and excess hemoglobin; 8, beta globulin; Sa, slow alpha, globulin; 0 


origin. The positive pole is indicated. 
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fast alpha 2 will be discussed below. Some 
sera had one and others two postalbumin 
bands (fig. 4). Albumin traveled slightly 
faster than human albumin and no preal- 
bumins were seen. 

Haptoglobins. Benzidine staining showed 
two major haptoglobin patterns in the seal 
(fig. 3). In one, seal 5167, (type 1), a 
single band corresponding to the human 
type 1-1 haptoglobin or the fastest moving 
haptoglobin band of the human type 2-1 
is seen. The second type (seal 5170) (type 
2) has two bands, one the same as type 1 
and the second traveling slightly faster. 
This corresponds to the band immediately 
in front of the beta band on amido black 
staining. In addition to these two types, 
there was one serum with a haptoglobin 
band traveling slightly slower than the 
haptoglobin band of type 1. As noted 
above, seal hemoglobin has two main peaks 
on paper and gel electrophoresis with a 
minor peak visible on starch gel electro- 
phoresis (fig. 1), and the position of these 
bands relative to the haptoglobins are 
shown in figure 3. It is clear that all the 
hemoglobin bands bind to the single hap- 
toglobin of type 1 and to the two hapto- 
globins of type 2. If seal hemoglobin in 
excess of approximately 150 mg/100 ml 


Fig. 4 Starch gel electrophoresis and amido 
black staining. Varieties of seal serum protein 
patterns; a, d, have one postalbumin band; b, c, 
have two postalbumins; a and c are haptoglobin 
type 2 and have a double beta band. In b, there 
is a band moving slower than the major beta 
band; d is a type 1 haptoglobin and has a single 
peak in the beta region, 


of sera is added to the sera, then a ben- 
zidine staining band corresponding to free 
hemoglobin can be seen traveling slower 
than the haptoglobin bands. 

As increasing amounts of seal hemoglo- 
bin are added to a type 2 haptoglobin sera, 
the fastest-moving band decreases in mo- 
bility and when approximately 150 mg/100 
ml is added, only one intensely staining 
band is seen in the position of the slowest 
moving haptoglobin band. As the second 
haptoglobin band slows to join the slower 
one, the thickness of the fast alphas band — 
decreases and when more than 150 mg/ 
100 ml of hemoglobin have been added it 
remains as a thin line (fig. 5). Apparent- 
ly, as hemoglobin is added to the serum, a 
protein traveling in the slow portion of the 
fast alpha: band is removed and forms a 
haptoglobin-hemoglobin complex which 
eventually moves with the mobility of the 
slower haptoglobin peak. If further hemo- 
globin is now added, a benzidine-staining 
smear is seen in the region of migration 
of the free seal hemoglobin. Of a total of 
36 sera tested, 20 were of haptoglobin type 
1 and 15 of haptoglobin type 2. (In ad- 
dition, there was one type 1 which had a— 
faintly-staining haptoglobin band moving © 
slower than the major band.) Since some 
of the sera were hemolyzed and the addi- 
tion of excess hemoglobin can “convert” a 
type 2 to an apparent type 1, an excess of | 
type 1’s may have been recorded. Seal hap- 
toglobin binds normal adult human hemo- 
globin in about the same concentrations as 
it binds seal hemoglobin, and the resultant 
hemoglobin-haptoglobin complex travels 
with the same mobility as the seal hemo- 
globin-haptoglobin complex. When added 
to a type 2 hemoglobin serum, human he- 
moglobin has the same effect as seal he- 
moglobin in “converting” a type 2 to a 
type 1. Cow hemoglobin of type AB (two 
peaks) also combines with seal haptoglo- 
bin. It has the same conversion effect as 
human and seal hemoglobin just described. 
Only a single haptoglobin peak is seen 
when sufficient cow hemoglobin has been 
added to a type 2 seal serum as was the 
case for the multiple peaked seal hemo- 
globin, and the cow hemoglobin-seal hap- 
toglobin complex travels with the same mo- | 
bility as the seal hemoglobin-haptoglobin 
complex. Bands corresponding to the two 
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Fig. 5 The effect of adding increasing amounts of seal hemoglobin solution to a hapto- 
globin type 2 seal serum. 

The upper two strips (1,2) are photographs of the amido black stained gel half, and the 
two lower strips (1A, 2A) are diagrams showing the position of the proteins discussed in the 
text. The small arrows indicate the position of the hemoglobin binding protein bands. In 
strip I and 1A the serum contains seal hemoglobin at a concentration of 80 mg/100 ml. 
Two distinct hemoglobin containing bands can be seen (a and b) and are indicated by the 
arrows in strip 1A. The band corresponding to human fast alpha» (cd) is broad and heavily 
staining but binds no seal hemoglobin. As further hemoglobin is added, the fast alphas band 
becomes thinner until after the addition of approximately 150 mg/100 ml of hemoglobin 
only the fastest moving portion (d) remains (strip 2 and 2A). Simultaneously, the slower 
moving haptoglobin band (a) becomes more intense staining and broader at the expense 
of the faster moving band cd. After approximately 150 mg/100 ml of seal blood is added, 
only one haptoglobin band (a) remains (strip 2). O, origin. The positive pole is indicated. 
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separate cow hemoglobin peaks are never 
seen unless an excess of cow hemoglobin 
is added. 

Ground squirrel. The appearance of the 
starch gel after amido black staining is 
shown in figure 6. The slow alpha» glo- 
bulin migrates slightly slower than that of 
humans, and there are two bands bracket- 
ing the position of the human beta globu- 
lin band. These bands carry the hapto- 
globin (fig. 7). The fast alpha2 band has 
‘approximately the same mobility as the 
human fast alpha and one (or more ) post- 
albumin bands are seen. The albumin mi- 
grates further than human albumin and 
pre-albumins were never seen. The hapto- 
globins were similar to those of the seal but 
traveled somewhat slower. Of 6 sera stud- 
ied, all showed two bands similar to the 
seal haptoglobin type 2. 


Marmot. After amido black staining, 
two patterns were seen (fig. 6). Of 5 
animals studied, 4 showed a pattern desig- 
nated type 1. The slowest moving band 
was slower than that of human slow al- 
pha. The next band is an intensely stain- 
ing one in the approximate position of the 
human beta band. This contains the hap- 
toglobins (fig. 7). There is another band 
in the approximate position of human 
fast alphas, several postalbumins and an 
albumin which travels faster than human 
albumin. No prealbumin was seen. The 
second pattern (type 2) was seen in one of 
the 5 sera studied and is shown in figure 6. 
Here the haptoglobins are contained in two 
bands, one which just barely leaves the 
origin and a second which travels slower 
than the paired haptoglobin bands of type 
il Gri, 7) 


Human 4 


Marmot = 
Hapto. TypeL | 
| 


Marmot 
Hapto. Type 2 


Ground squirrel 


Fig. 6 Starch gel electrophoresis with amido black staining. See text for description. The 
symbols have the same meaning as in figure 3. 


Marmot 
Hapto. Type I 


Marmot 


Hapto. Type 2 


Ground squirrel — 


Human Type 2-l 


O abc d yor 


Fig. 7 Starch gel electrophoresis with benzidine staining. A comparison of the marmot 
haptoglobin type 1, marmot haptoglobin type 2, ground squirrel, and human type 2-1. 0 
origin; a, b, c, d, are the human haptoglobin bands; e, excess human hemoglobin. The 
origin and positive pole are indicated. 
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DISCUSSION 


Hemoglobins from all the seals showed 
the same pattern of two major components 
and one minor component. The situation 
resembles that in horses and birds and, as 
outlined in the introduction, is probably 
due to the presence of independent genes 
controlling the synthesis of at least the 
two major components. The finding that 
the relative mobilities of the hemoglobin 
components in paper and in starch gels is 
the same suggests that the major com- 
ponents differ in charge rather than size 
or shape. It is remarkable that when seal 
hemoglobin is bound by haptoglobin in the 
type 1 seal sera only a single band is seen; 
i.e., the differences in mobility between 
the major hemoglobin components disap- 
pears. This is also the case when the cow 
hemoglobin, with two components (type 
AB), is added to seal haptoglobin. The 
seal haptoglobin complexes with human 
and cow hemoglobin travels with the same 
mobility as the seal hemoglobin-haptoglo- 
bin complex, although the mobility of the 
three hemoglobins is different (fig. 1). 
This suggests that the charged groups re- 
sponsible for the mobility differences in 
the hemoglobin components are masked 
by the combination with haptoglobins. 
This is different from the situation in man 
in which the complexes of haptoglobin 
with sickle-cell hemoglobin and hemo- 
globin C have different electrophoretic mo- 
bilities from the complex with hemoglobin 
A (Allison, unpublished). The second hap- 
toglobin band appears to come from the 
fast alphas band, (fig. 5) as is the case 
for type 1-1 human haptoglobin (see 
Smithies, ’55, fig. 6). The seal haptoglobin 
can bind approximately the same amount 
of seal hemoglobin as the human hapto- 
globin binds human hemoglobin. Because 
of the unusual breeding habits of the fur 
seal, it is difficult to show whether the two 
haptoglobin types are genetically deter- 
‘mined as seems likely. 

With the exception of the marmot type 
2, the haptoglobins are most similar to 
the human type 1-1. The sera ot 150 
monkeys (Macaca mulatta), 4 chimpan- 
zees (Pan satyrus), 15 baboons (Papio 
papio), 6 rabbits and 20 Guernsey Cows 
have been studied by one of us by means 


of starch gel electrophoresis (24). In none 
have haptoglobins similar to the three 
bands of human type 2-2 been seen. Most 
of these have haptoglobins similar to hu- 
man type 1-1. It is suggested that the 
type 2-1 and 2-2 phenotypes (and the 
Hp* allele) might be unique to humans, 
a matter of evolutionary interest. 
Intraspecies differences in 6-globulins 
have been found in seals as in man 
(Smithies, 57), monkeys (Blumberg, ’59), 
and other animals (Ashton and McDoug- 
all, 58; Smithies and Hickman, ’58). This 
implies that 6-globulin polymorphisms are 
present in a wide variety of species. The 
human polymorphism concerns the iron- 
binding protein transferrin; which of the 
-globulins of the animals of the present 
study is affected has not been determined 
and may vary from species to species. 
The marmot showed two distinct hapto- 
globin patterns. Type 1 is very similar to 
the human type 1-1 while marmot type 2 
is quite unlike any other haptoglobin so 
far studied. Its slowest moving haptoglo- 
bin component probably consists of large 
molecules which migrate through the 
starch gel only very slowly. There are also 
intraspecies specific differences in the 6- 
globulins of the marmots (fig. 6). 
Blumberg and Robbins (759), using 
starch gel electrophoresis, have shown 
that humans bind radioactive thyroxine in 
4 separate bands in and near the albumin. 
One of these bands corresponds to the 
fastest-moving of the two human preal- 
bumins, i.e., bands traveling faster than 
albumin (Smithies, 55). Monkeys have a 
polymorphism for the prealbumin band 
and for the thyroxine binding to it. Ba- 
boons and chimpanzees also have the pre- 
albumin but the seals, marmots, and 
ground squirrels have no prealbumin and 
also no band corresponding to the fast mov- 
ing thyroxine binding band of humans. 
The specific distribution of this trait is cur- 
rently under study. Smithies has described 
a polymorphism in the postalbumin bands 
in humans (Smithies, 59). The variations 
in postalbumin seen in the seal (fig. 4) 
may correspond to this. 
Genetically determined traits provide 
useful material for the study of evolution- 
ary changes. They may be of taxonomic 
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value, and they may yield information 
about the adaptation of animals to differ- 
ent climatic and other conditions, includ- 
ing the severe cold to which the Alaskan 
animals are exposed. Studies of other spe- 
cies, including laboratory animals, are 
currently being undertaken and may pro- 
vide material for the experimental inves- 
tigation of selective forces acting on these 
polymorphic systems. 


SUMMARY 


1. Starch gel electrophoresis of hemo- 
globin was studied in 27 seals, 8 ground 
squirrels and 4 marmots. There are two 
major and one minor component in fur 
seals, two components in marmots, and 
one in ground squirrels. 

2. All of these species have haptoglo- 
bins. Two phenotypes have been observed 
in seals, one showing a single band and 
the other two bands of approximately the 
same mobility as haptoglobins in human 
subjects of haptoglobin group 1-1. The 
ground squirrels and most marmots have a 
similar haptoglobin pattern except in one 
of the marmots in which a component 
apparently having a high molecular weight 
was observed. 

3. These findings may have taxonomic 
and evolutionary significance. 
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The Stimulation of Frog Skeletal Muscle 


by Light and Dye' 


WILLIAM I. ROSENBLUM 
Department of Pharmacology, New York University College of Medicine 


Frog skeletal muscle which is exposed to 
visible light after staining with a fluores- 
cent dye, twitches and develops a sus- 
tained contracture (Lippay, 729, 30a, 
*°30b). Lippay believed that the twitches 
are due to the stimulation of nerve endings 
in the muscle, while contracture is due to 
stimulation of the contractile mechanism 
within the muscle fibers. Later workers 
disagreed with Lippay’s interpretation and 
reviewers of photodynamic sensitization 
decided that the Lippay’s evidence is incon- 
clusive (Blum, ’41; Clare, 56). The ques- 
tion has now been re-investigated and the 
evidence strongly supports the idea of Lip- 
pay that there are two sites at which light 
stimulates a stained muscle. 

Lippay (30b) favored the two-site inter- 
pretation for the following reasons. 
Stained muscle depolarized with KCl gives 
a contracture but does not twitch when 
exposed to light. Curare prevents twitch- 
ing but does not effect the contracture. 
This experiment was ambiguous, however, 
because Lippay noted that curare also pre- 
cipitated the dye, hence the results could 
be explained on the basis of a lowered dye 
concentration. But in another experiment 
it was found that chronically denervated 
muscle also fails to twitch when stained 
and exposed to light, though it undergoes 
a contracture. These results, then, support 
a theory which states that the sites respon- 
‘sible for the twitch responses differ from 
the sites responsible for the contracture. 
~ However, Lippay’s (732) subsequent 
work served to confuse the issue. Turning 
to isometric recording, he found that light 
caused stained muscle to give “brief ten- 
sion changes,” even in the presence of tri- 
metheylammonium, a curare like agent. 
However, Lippay notes that the records ob- 
tained in this series of experiments with 
isometric recording differ in shape from 


those obtained in his previous experiments 
with isotonic recording and this discrep- 
ancy makes difficult any interpretations 
in terms of his earlier theory. 

Other workers, nevertheless, dismiss the 
earlier experiments in favor of the latter 
(Blum, *41) and conclude that the neuro- 
muscular junction is not involved in the 
action of light on stained muscle. The re- 
sults of Lillie et al. (35) are taken to sup- 
port this point of view; they found that 
light increased the stimulatory effect of 
Cl, Br, NO: on stained muscle. These auth- 
ors felt that the effects of light and dye 
“. . . depends primarily on photoxdative 
reactions occurring at the surface of the 
muscle cells.” They felt that sodium salts 
of these anions dispersed the membrane 
colloids and that light and dye “. . . pro- 
duce a further change of the same kind, 
sufficient to initiate the process of stimula- 
tion.” Apparently, these authors assumed 
that if ions acted upon the muscle mem- 
brane anything which alters the effects of 
these ions must act at the same site. 

Kosman (738) showed that response of 
frog skeletal muscle to electrical and po- 
tassium stimulation was increased if the 
muscle was stained and exposed to light. 
He also states “.... the primary effect of 
light is upon the membrane colloids.” 

Finally, Kosman and Lillie (35) found 
that muscle protein increased its uptake 
of oxygen if stained and illuminated. This 
was true even if the protein was boiled. 
Still assuming that “. . . the photochemical 
reaction .. . produces a state of increased 
sensitivity in the muscle cells” they con- 
clude that “.. . it is the membrane pro- 
teins” which are involved in the photo- 
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chemical reactions. All of the arguments 
summarized in the last three paragraphs 
are notably indirect and for this reason 
scarcely compelling. With this background 
the present work was undertaken. 


METHODS AND MATERIALS 


Muscles. The muscles used were either 
gastrocnemii or sartorii from Rana pipiens 
supplied by the New York Scientific Supply 
Company during the months of June, July 
and August. 

Solutions. The Ringer’s consisted of 117 
mM NaCl, 3 mM KCl, 2.7 mM CaCh, and 
3 mM NaHCO;. The dye used was rose 
bengal (1:25,000), the muscles were 
stained 1.5 to 2 hours. Acetylcholine 
(ACh) was used as the bromide. 

Neuromuscular block. Neuromuscular 
block was produced by placing muscles in 
Succinyl choline bromide (50 ug/ml) or in 
a Ringer’s in which 20 mM of the NaCl 
was replaced with MgCl:. The effective- 
ness of the block was tested by stimulating 
the nerve with supramaximal stimuli from 
an inductorium. When the muscle no 
longer responded to stimulation through 
the nerve, the muscle was stimulated di- 
rectly to test its viability. The effects of 
these agents on the myoneural junction 
could be reversed by returning the muscles 
to ordinary Ringer’s. 

Illumination. The source of light was 
a tungsten lamp, either a clear 300 w bulb 
or a 300 w projection lamp. The set-up 
was as described by Lippay (’30b). The 
light beam was passed through a three-liter 
round bottom flask filled with water. This 
filtered the heat and focussed the light. 
The ordinary 300 w light source was placed 


18 inches from the muscle, and the pro- 
jection lamp was placed 24 inches from | 
the muscle. In most experiments the 
muscle was suspended in air in a glass 
chamber with a water saturated atmos- 
phere; in a few experiments the chamber 
was filled with mineral oil. 

Temperature. The first attempts to ex- 
cite the muscle at room temperature 
failed, but the twitch was elicitable ap- 
proximately 80% of the time in a cold 
room at 4°C. Later the response was ob- 
tained at room temperature (22—24°) 
about 70% of the time. The reasons for 
the early failures are unknown. 

Recording. The response of the muscle 
was recorded isotonically on a smoked 
drum, whenever experiments were done 
in the cold room. When experiments were 
performed at room temperature, the mus- 
cle’s response was recorded isometrically 
via a phonograph crystal, cathode follower 
and one beam of a Dumont dual beam | 
oscillograph. Electrical recordings from 
the sciatic nerve in nerve-muscle prepara- 
tions were made with platinum electrodes 
through a preamplifier leading to the other 
beam of the oscillograph. The nerve was 
laid upon the electrodes and kept moist 
with mineral oil. A ground electrode was | 
thrust into the muscle. In recording di- 
rectly from the muscle, all electrodes were 
placed in the muscle. The shortening of | 
glycerated fibers was recorded with a Grass | 
polygraph. : 


RESULTS 


First, Lippay’s experiments on the effect 
of light on stained muscles which were — 
depolarized with isotonic potassium solu- 
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Recording co: action potentials from the gastrocnemius of Rana pipiens. Each ac- 


tion potential immediately precedes a twitch of the muscle. The muscle has been stained in a 
1:25,000 concentration of rose bengal. The recording is made while the muscle is exposed to 


light. 
figure from right to left. 


The upper line records the twitches. Lower line records potential changes. 


Read 
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tions were repeated. In agreement with 
his results the potassium solution abolished 
‘the twitch without interfering with the con- 
tracture. Therefore, the polarization of 
the muscle membrane seems _ prerequisite 
for the appearance of the twitches. 

This result suggests that electrical 
events in the membrane may precede the 
twitch and this idea was tested by record- 
ing from the stained muscle during illum- 
ination. Such recordings (fig. 1) show 
that the twitch response coincides with ac- 
tion potentials in the muscle. Unstained 
muscle exposed to light, and dyed but un- 
irradiated muscle show neither response. 
It is clear that there are two distinct re- 
sponses in a stained and illuminated mus- 
cle. One of these is a contracture which 
can occur in a muscle with a depolarized 
membrane and the other is a twitch de- 
pending on electrical excitation of the 
muscle membrane. The question now re- 
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Fig. 2 Upper line of each section of the figure represents change in m 
Arrow indicates onset of illumination. 
B, Record obtained with a gastrocnemius not treated with 


line in each case is a base line. 
with NMJ blocked by magnesium. 


mains as to whether the membrane is di- 
rectly or indirectly excited. 

Origin of twitches. To answer this ques- 
tion muscles were treated with magnesium 
or succinyl choline to block neuromuscu- 
lar transmission (Bovet et al., 751; del 
Castillo and Engbaek, 54). Mg was used 
because it was not expected to complex 
with or precipitate the dye. Neither it nor 
succinyl choline were, in fact, observed to 
precipitate the dye. Ten consecutive ex- 
periments were performed; 4 with Mg and 
6 with succinyl choline. In every case the 
twitch was blocked while contracture re- 
mained (fig. 2). It we take a value of 30% 
for the normal percentage of trials on 
which a twitch may not be expected to oc- 
cur then we see that these results could 
occur by chance only 0.3* and 0.3° times 
for Mg and succinyl choline respectively. 
Hence, results with each are significant 
beyond the 1% level of confidence. Fur- 


uscle length. Lower 
A, Record obtained 


any blocking agent. Both muscles stained with rose bengal. 
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ther, a stained muscle, first blocked with 
succinyl choline and then washed until 
the block was removed, gave a twitch when 
illuminated. 

The pharmacological evidence clearly 
shows that the muscle is activated through 
the neuromuscular junction to produce the 
twitch. Presumably then, the light excites 
the nerve endings or the nerve itself. To 
test this hypothesis directly, recordings 
were made from the sciatic nerve of 
stained nerve-muscle preparations during 
the illumination. Figure 3 shows that each 
twitch is preceded by an action potential 
in the nerve. The sequence of the positive 
and negative phases of the recorded action 
potentials showed that these impulses are 
traveling along the nerve from the region 
of nerve endings in the muscle toward the 
periphery of the nerve. The impulses could 
not have arisen by stimulation of the nerve 
peripheral to the electrodes. The elec- 
trodes were very close to the muscle, which 
makes it highly unlikely that the muscle 
was fired by excitation of an area of free 
nerve between electrodes and muscle. It 


seems most likely that the record repre- | 
sents backfiring from excited nerve end- | 
ings in the muscle. Consequently, the elec- 
trical and pharmacological evidence, in 
agreement with Lippay’s (29) original 
conclusion, supports the idea that the nerve 
endings in the dyed muscle are excited by 
light and that it is this neural excitation 
which causes the stained and illuminated 
muscle to twitch. 

Interaction with anion stimulation. Lil- 
lie et al. (35) showed that light and dye 
increased the effects of anions on skeletal 
muscle. These authors felt that light stim- 
ulated the stained muscle membrane di- 
rectly and thus its effect was able to accen- 
tuate the effect of ions known to act on the 
membrane. However, no precautions (e.g., 
curare) were taken to eliminate the pos- 
sible effects of nerve stimulation. Since it 
has been shown that light and dye stimu- 
late the nerve endings in the muscle, we 
must consider whether it was this neural 
activity rather than some effect of light and | 
dye directly on the muscle membrane — 
which caused the observed increase in the 


Fig. 3 Recording from the sciatic nerve of a sciatic-gastrocnemius preparation. The up- 
ward deflections of the upper line represent the muscle twitches while the lower line records 


the potential changes in the nerve. Read figure from right to left. 
recorded with the light off; part B with the light on. 


Part A of the figure was 
In both cases the muscle has been 


stained with rose bengal. For evidence that the firing in the nerve originates in the region 


of the nerve endings, see text. 
of recording. 


The downward slant of the upper line in part B is an artifact 
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response to anions. A sartorius was placed 
in Ringer’s and a subthreshold dose of 


_ ACh applied. Then the muscle was washed 


in Ringer’s and placed in isotonic (M/8) 
NaNO;, which caused the muscle to 
twitch. When the heretofore subthreshold 
dose of ACh was given immediately after 
the nitrate effect had subsided, a very large 
response was obtained, which greatly ex- 
ceeded the response to nitrate alone (fig. 
4). The results indicate that the response 
of a muscle to anions may be effected by 
ACh; the work of other authors (Chao, 
*35 ) has shown that the response to anions 
may be effected by direct stimulation of 
the muscle membrane. In Lillie’s experi- 
ment both types of interaction would have 
been possible and thus his work cannot 
be used to decide where light acts on a 
stained muscle. 

Contracture in glycerated fibers. The 
twitch response to light depends upon stim- 
ulation of the nerve endings in the muscle. 
But the contracture occurs even when 
neuromuscular transmision is blocked and 
when the membrane is made electrically 
inexcitable. Therefore, the light and dye 
must be acting on a different site in bring- 


ing about contracture. It seemed possible 


that the contractile mechanism of the mus- 
cle was activated directly by dye and light. 
One test of this idea would be to glycerate 
muscle fibers and to obtain contraction 
simply by staining and irradiating them. 
The assumptions here are that we have the 
contractile mechanism in relatively “pure” 
form and that the ATP, which is removed 
in glycerating, would not be necessary 
since the energy utilized in contraction 


Record shows how a subthreshold dose 
of ACh in the presence of isotonic NaNO; brings 
about a response in the muscle greater than that 
to NaNOs alone. 


Fig. 4 


would come either directly from light en- 
ergy absorbed by the dye or from some 
substance synthesized in the muscle with 
the aid of this captured energy. 

Fibers were glycerated according to the 
method of Szent-Gyorgyi (’49). They were 
stained with rose bengal both in the usual 
1:25,000 concentration and also in a 
1:1000 concentration. They failed to 
shorten when exposed to light. The fibers 
were then stained with 10-? M acridine 
orange, a fluorescent dye which competes 
with ATP for the same site in the glycer- 
ated fiber (Szent-Gyorgyi, 57). Contraction 
failed to occur upon exposure to light. It 
must be concluded that some factor or 
factors necessary for contracture under 
the influence of light and dye are removed 
in the glycerating process. We known that 
light and dye do not damage the fibers, be- 
cause after 6 minutes of exposure to light, 
fibers stained with rose bengal still con- 
tract in response to 0.25% solution of 
ATP. 


DISCUSSION 


The results of the experiments are clear. 
Twitching of a stained and illuminated 
muscle is due to the stimulation of nerve 
endings in the muscle. Evidence for this 
comes from two sets of experiments. The 
first experiments demonstrated inhibition 
of the twitch by agents which block myo- 
neural transmission. The second group of 
experiments demonstrated that twitches 
are preceded by an action potential in the 
nerve and suggest that the action poten- 
tials start at the nerve endings. 

A second response of stained and illum- 
inated muscle is irreversible contracture. 
This response occurs even when the mem- 


| brane is depolarized by potassium salts; 
| hence, it does not depend upon electrical 
' events in the nerve endings or muscle 


membrane. The glycerated muscle fibers 
do not show contracture after being stained 
and illuminated. It may be that the ATP 
removed by glycerating is necessary for 
the contracture induced by light and dye, 
and that the contracture is brought about 
in the intact fiber through stimulation of a 
site bringing about utilization of the energy 
stored in ATP. 

The evidence of Kosman (38) suggests 
that light and dye also acts on the mem- 
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brane of the muscle fibers. He showed that 
a light focussed on the non-innervated end 
of a stained muscle increases the response 
of the muscle to K or to electrical stimula- 
tion. It can be concluded that in a stained 
muscle light acts on the nerve endings, on 
the membrane of the muscle fibers, and at 
some step involving the contractile ma- 
chinery of the fibers. It may be that more 
than three sites in a stained muscle can be 
effected by light and that work thus far 
has elucidated only three targets because 
our tests allow us to observe the results of 
stimulation of only the most sensitive sites 
in the muscle. 

In the experiments of Lillie, Hinrichs 
and Kosman (735), it was shown that light 
can increase the response of a stained mus- 
cle to isotonic solutions of the sodium salts 
of negative ions. But in these experiments, 
either the nerve endings or the muscle 
membrane could have been effected by the 
light. Earlier in the present paper it was 
shown that stimulation of the nerve end- 
ings could result via the release of ACh in 
an increase in the muscle’s response to 
negative ions; hence, the experiments of 
Lillie et al. do not allow us to say whether 
it was the action of light on the membrane 
per se or on the nerve endings which was 
responsible for the results reported in their 
paper. 

The question also arises as to the im- 
portance of experiments involving sensi- 
tization of muscle or nerve to light in lead- 
ing to a better understanding of naturally 
occurring photochemical processes. Chala- 
zonitis (757), for example, has utilized 
data gathered from experiments involving 
sensitized sepia neuron to support a 
theory of excitation in which the chief 
hypothesis is that the acceleration of res- 
piratory enzyme activity is crucial to the 
excitatory process. Arvanitaki and Chala- 
zonitis (58) have sought to explain with 
this theory the excitation by light of the 
naturally pigmented neurones of Aplysia. 
Before speculating further along these 
lines, it is necessary to point out that there 
is, as yet, no evidence that stimulation of 
dyed nerve by light is truly reversible. Lip- 
pay (29, 30) presents figures indicating 
that the muscle continues to twitch after 
the light is turned off. Similarly, I was un- 
able to stop the twitches by turning off 


the light. Even if the light was turned off 
after the first twitch, the muscle as often 
as not continued to twitch for a variable 
length of time. Nor was it possible to pre- 
dict how soon, if at all, the muscle will 
twitch when the light is again turned on. 
Thus in its grosser characteristics there 
is no analogy between the stimulation of 
nerve by an electric current and by light 
and dye. 

The most popular postulate about the 
mechanism by which light and dye act, 
involves a series of reactions beginning 
with the excitation of the dye and ending 
with oxidation of some excited substrate 
(Clare, 56). It remains to be seen whether 
some substance produced in this chain 
caused reversible stimulation or merely 
destruction. The destruction of each group 
of endings would result in the successive 
firing of different groups of muscle fibers. 
Until this problem is resolved, it would 
seem better to avoid the use of “reversible” 
in referring to the photostimulation of 
stained skeletal muscle, or isolated nerve 
preparation. 

It may be significant that Kolm and 
Pick (20) were successful in reversibly 
increasing the tonsus of stained frog in- 
testine with light, the tonus falling when 
the light was turned off and rising when 
the photostimulation was repeated. Fur- 
thermore, they were able to show that the 
effect of light was reversed by atropine and 
by adrenaline. Blocking the parasympa- 
theic ganglia with a large dose of nicotine 
did not prevent the response; hence, they 
conclude that light and dye were acting 
on the postganglionic, parasympathetic 
endings in the intestine. Thus, the mech- 
anism of action of light and dye on both 
smooth and striated muscle of the frog 
would seem to involve the stimulation of 
nerve endings releasing acetylcholine. 


SUMMARY 


1. When skeletal muscle of the frog is 
stained with rose bengal and the muscle 
is then illuminated, twitches occur due to 
stimulation of the nerve endings in the 
muscle. The evidence for this conclusion 
is that neuromuscular block by magnesium 
or succinyl choline prevents the twitches 
and that a nerve impulse originating in 


the region of the nerve endings precedes 
each twitch. 
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2. Subthreshold doses of ACh were 
shown to augment the effects of anion 
‘stimulation on skeletal muscle. Since il- 
lumination of stained muscle stimulates 
the nerve endings in that muscle ACh will 
be released. Other workers have shown 
that anions interact with an electric im- 
pulse effecting only the non-innervated por- 
tion of the muscle membrane. Therefore, 
results showing that the effects of light 
and dye augment the response of non-cur- 
arized muscle to anions may be due either 
to stimulation of the nerve endings by 
light and dye or to the stimulation of the 
muscle membrane per se, by these agents. 

3. Muscles stained with rose bengal and 
then illuminated give a twitch response on- 
ly 75% of the time. But the muscles in- 
variably develop a contracture. The con- 
tracture occurs even in muscles which are 
rendered electrically inexcitable by depol- 
arization of the muscle membrane with 
potassium. Contracture will not occur in 
glycerated muscle fibers, however, when 
such fibers are stained and illuminated. 

4. Evidence that light and dye have ef- 
fects directly upon the muscle membrane 
and the muscle fiber proper, is discussed, 
.as is the possible relationship between 
photostimulation of nerve endings in the 
stained muscle and naturally occurring 
photo-processes. 

The author would like to express his 
sincere thanks to Dr. William Van der 
Kloot for his advice during all stages of 
this work. 
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The composition and certain aspects of 
the physiology of fish have been studied to 
a considerable extent. Recently there have 
also appeared some reports dealing with 
fat metabolism in fish (Brown and Tappel, 
’09; Kelly et al., 58a, b). Generally, how- 
ever, there have been but few specific stud- 
ies of intermediary metabolism in fish 
(Gumbmann et al., 58; Tarr, 58) and any 
reports of the pathways of metabolism of 
glucose in these organisms are lacking. 

This paper presents results from stud- 
ies intended to demonstrate the manner 
in which glucose is oxidized in vivo in 
teleosts, specifically whether the classical 
Embden-Meyerhof scheme or the pentose 
cycle is of primary importance. They in- 
dicate that the pentose cycle does not make 
a major contribution to glucose metabo- 
lism in carp; the conclusion that the Emb- 
den-Meyerhof pathway is responsible for 
essentially all glucose oxidation in this or- 
ganism is in agreement with all the results 
presented. 


EXPERIMENTAL PROCEDURE 


Treatment of animals. Live carp, ap- 
‘proximately 8 inches in length, were ob- 
tained from a local minnow supply house 
and maintained in the laboratory in 15- 
gallon tanks containing aerated tap water 
at room temperature. For an experiment, 
an individual carp was removed from the 
tank and placed in a smaller vessel for a 
period of approximately 24 hours prior to 
the start of the experiment; the animals 
were not fed during this time. The metabo- 
lism chamber used consisted of a large 
mouth culture flask of about 2800 ml 
capacity. The flask was fitted with a rub- 
ber stopper through which were placed an 
inlet tube, an outlet tube, electrodes for 
pH determination, a thermometer, and the 
tip of a burette containing 1 M HCl. The 
outlet tube was connected through a Y 


joint to two suction flasks each containing 
34 ml of 1 N NaOH; these flasks served to 
trap the respired CO:. They were kept 
under slight vacuum to insure rapid air 
flow through the system. The inlet tube 
had a fritted glass tip and introduced air 
that had been rid of CO: by passage 
through alkali trapping solutions. For an 
experiment the flask was nearly filled with 
about 2500 ml of distilled water that had 
previously been acidified to pH 4-5 with 
HCl and boiled. The stopper was inserted 
and CO.,-free air was passed through the 
system for at least an hour. The fish was 
then injected intraperitoneally with a solu- 
tion of radioactive glucose (5 uc, C-1 or 
C-6 labeled) in isotonic saline and quickly 
placed in the chamber, which was then 
resealed. 

The respired CO, was swept out into the 
trapping solutions which were changed at 
periodic time intervals. During the course 
of the experiment the pH was kept at 5.0 
or below by the occasional addition of 
dilute HCl. This was done to insure the 
rapid release of CO: from the chamber. 
Preliminary tests indicated that such a pro- 
cedure was satisfactory. The temperature 
of the water was 24—-25°C and did not 
vary more than 1°C at any time during 
any of the experiments. Other preliminary 
studies showed that the fish could be eas- 
ily maintained under these conditions, pro- 
vided that distilled water was used and 
the pH kept at 5.0 or slightly below with 
HCl. Acidified tap water could not be used 
since the fish were obviously adversely af- 
fected, apparently due to the large amounts 
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of acid required to maintain the proper 
pH; the use of buffers was similarly un- 
satisfactory. At the conclusion of an ex- 
periment the fish was removed from the 
chamber, killed by pithing, and the liver 
removed, packaged and quick-frozen in an 
acetone-dry ice mixture. 


MATERIALS AND METHODS 

D-glucose-1-C% (G-1-C%), activity 1.5 
mc/mM, was obtained from Isotopes Spec- 
ialties Company, Inc. and D-glucose-6-C™ 
(G-6-C*) activity 2.0 mc/mM was ob- 
tained from Nuclear-Chicago, Inc. The ac- 
tivities were checked by wet combustion 
and subsequent radioassay of portions of 
the materials. 

The CO: was recovered from the trapping 
solutions by the addition of 5 ml of 12% 
BaCl. which contained a small amount of 
NH.Cl. The precipitated BaCOs; was col- 
lected in planchet size by means of a filter- 
ing apparatus, washed repeatedly with 
CO.-free water and ethanol, dried, and 
counted in a gas-flow counter at infinite 
thickness. Normally the trapping solutions 
were split into at least two portions prior 
to BaCO; precipitation in order to get dupli- 
cate samples for radioassay. 

The livers were thawed, homogenized 
(1:5 wt./vol.) in an alcohol-ether (3:1) 
solution, and the homogenates refluxed at 
60°C for one hour. The material was cen- 
trifuged and the precipitate washed with 
alcohol-ether. The washed material was 
saved for amino acid isolation. The alco- 
hol-ether solution was evaporated almost 
to dryness and extracted with petroleum 
ether. This fraction (total lipids) was put 
on a planchet for radioassay, dried to con- 
stant weight and counted. All operations 
with this and other lipid fractions, except 
for the actual counting procedure, were 
conducted in a nitrogen atmosphere. After 
being counted, the total lipids were ex- 
tracted from the planchet with petroleum 
ether, dried and extracted with acetone. 
The acetone fraction (triglycerides) was 
placed on a planchet and counted. That 
portion not soluble in acetone (phospho- 
lipids) was taken up in petroleum ether, 
put onto a planchet and counted. The tri- 
glyceride fraction was then dissolved in 
alcohol and saponified with alcoholic KOH 
under nitrogen. Following acidification 


and removal of KCl from the saponified | 
mixture the fatty acids were extracted in | 


ether and counted. The remainder of the | 


mixture was taken nearly to dryness, the 
glycerol extracted with absolute ethanol 
and the ethanol extract counted. Since the 
quantities of these various lipid fractions 
were not sufficient for radioassay at in- 
finite thickness, self-absorption curves 
were run and the appropriate corrections 
made. 

The protein fraction of each liver was 
acid-hydrolyzed, the hydrolyzate treated 
with activated charcoal, and the amino 
acids alanine and glutamic acid isolated 
by salt precipitation techniques (Kruse et 
al., °57) following addition of carrier. Al- 
anine was isolated as the phenyl-azoben- 
zene-p-sulfonic acid salt and glutamic acid 
as the hydrochloride. The isolated salts 
were counted at infinite thickness in the 
gas-flow counter. The glutamic acid-HCl 
was converted to glutamic acid and again 
counted. 

Assays for glucose-6-phosphate dehydro- 
genase and 6-phosphogluconate dehydro- 
genase were done on isotonic sucrose ho- 
mogenates of fish liver by the conventional 
determination of triphosphopyridine nu- 
cleotide reduction (Kornberg et al., 55). 


RESULTS AND DISCUSSION 


The specific activity in the expired CO, 
from carp injected with either G-1-C“ or 
G-6-C™ is shown in figure 1. The general 
nature of the curves is the same regardless 
of which specifically labeled glucose was 
administered, although there were some 
differences between fish, particularly sev- 
eral hours after injection. Probably of 
most significance is the fact that the initial 
rates of production of labeled CO. were 
approximately the same regardless of 
whether G-1-C“ or G-6-C* was the com- 
pound injected. If the pentose cycle con- 
tributed to any extent to glucose oxidation 
then the rate of production of labeled CO, 
should be substantially greater after ad- 
ministration of G-1-C“ than after G-6-C"4 
(Black et al., ’57; Jolley et al., 58). Cal@i) 
culations based on the total amount of 
labeled respired CO, indicated that about 
30% of the injected glucose radioactivity 
appeared in the CO: within 48 hours. 
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TABLE 1 
Specific activities of liver lipid fractions after injection of glucose-C14} 


Total 


Compound 
lipids 


injected 


Sampled 48 hours after injection 


2020 
1760 


Glucose-1-C14 
Glucose-6-C14 


Sampled two hours after injection 


3380 
2270 


Glucose-1-C14 
Gluocse-6-C14 


Triglycerides 
F Phospho- 
Totes aL Glycerol lipids 
616 185 725 5580 
536 300 340 4880 
435 150 350 3740 
ave 680 3170 


1 Values are in counts per minute, corrected to infinite thickness, and are averages of 
duplicates for the 48-hour samples, single values for the two-hour samples. 


Specific activities of various fractions 
of the lipids isolated from livers of the ex- 
perimental fish are shown in table 1. It 
would be expected that any major con- 
tribution to glucose oxidation by the pen- 
tose cycle would particularly affect the 
amount of C-1 of glucose entering into 
glycerol since this carbon atom would be 
lost as CO. Hence the fact that the spe- 
cific activity of glycerol was higher in the 
48 hour samples after injection of glucose- 
1-C“ than after glucose-6-C“ is evidence 


for the absence of participation of pentose 
cycle in glucose oxidation in these fish. 
Results opposite to these were obtained 
with the two-hour samples and suggest 
some involvement of the pentose cycle. 
However the amounts of material involved 
in these various fractions were small, par- 
ticularly in the final fatty acid and glycerol 
fractions from the triglycerides; further- 
more the separation of the fractions on the 
basis of solubility as used is not highly 
critical. 


84 W. DUANE BROWN 


TABLE 2 


: ; Sees ci41 
Specific activities of amino acids of liver protein after injection of glucose-C 


Glutamic Glutamic « 
a0 Lene Bold -HCl acid Alanine 
Glucose-1-C14 104 72 a 
Glucose-6-C1* 92 85 1 


1 Values are in counts per minute at infinite thickness. The glutamic acid values os 
averages of two runs each and are from liver samples taken 48 hours after injection 0 


labeled glucose. 


TABLE 3 


Assay of pentose cycle enzymes in carp liver’ 


acid salt. 
Amount of 
Assay enzyme 
ml 
1 0.02 
0.05 
2 0.10 


1 Units are 1.00 absorbancy change at 340 mu per min. per ml. enzyme solution, cor- 
rected for substrate-less blank. Amount of enzyme indicates milliliters of a 1:6 isotonic 


sucrose homogenate of carp liver. 


The specific activities of glutamic acid 
and alanine salts isolated from hydrolyzed 
protein fractions of livers of the experi- 
mental fish are shown in table 2. These 
results show that the levels of glutamic 
acid activity are very similar regardless 
of which labeled glucose was injected. Any 
operation of the pentose cycle should have 
the effect of lowering the specific activity 
of glutamic acid synthesized after admin- 
istration of glucose-1-C* because C-1 would 
be removed as CO: and hence not be found 
in glutamic acid. Since the specific activ- 
ities are the same after G-1-C™, it appears 
that the pentose cycle makes no major 
contribution to glucose oxidation. The re- 
sults for the alanine salt may be similarly 
interpreted. It should be noted that the 
glutamic acid salt was isolated in substan- 
tially greater yield from the protein hy- 
drolyzate than was the alanine salt; addi- 
tionally the values for the glutamic acid ac- 
tivities are from duplicate runs. 

Results from the assays for glucose-6- 
phosphate dehydrogenase and 6-phospho- 
gluconate activities are presented in table 
3. The results demonstrate that both en- 
zymes are present in carp liver. The meas- 
ured activities are, however, quite low. 


The alanine values are from single runs and from samples taken two 
hours after injection; alanine was isolated and counted as the phenylazobenzene-p-sulfonic 


Glucose 6-Phosphogluconate 
acpreeentse —-—~=«sehdrogenase 
activity cael 
0.4 
0.4 0.1 
0.4 0.3 


The limited amount of information pre- 
viously available concerning specific met- 
abolic pathways in fishes and other aqua- 
tic animals has suggested that there are no 
major differences between these organisms 
and mammals, except for general, and ex- 
pected, observations that the rates of en- 
zymatic activity are lower in fish. For ex- 
ample, a recent study indicated that the 
rates of oxidation of fatty acids by carp 
liver mitochondrial enzymes were lower 
than the rates usually obtained from mam- 
malian systems studied under similar con- 
ditions (Brown and Tappel, 59). The re- 
sults of the present study indicate that 
the rate of CO: production by these fish is 
lower than usually reported rates from 
mammals; furthermore the activities of 
two enzymes of the pentose cycle were 
quite low. This lower level of metabolism 


is to be expected from the poikilothermic 
nature of these animals. 


SUMMARY 


Carp were injected with either glucose- | 
1-C™ or glucose-6-C“ and the rates of pro- | 
duction of radioactivity in the respired CO. | 
were measured. The recovery of C** in the 
respired CO: was approximately the same | 
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egardless of which specificially-labeled 
lucose species was injected. Similarly 
he specific activities of various liver lipid 
ractions as well as glutamic acid and 
lanine isolated from liver protein frac- 
ions were also approximately the same. 
results indicate that the oxidation 
f glucose in carp takes place primarily 
hrough the Embden-Meyerhof pathway 
with little participation by the pentose 
ycle. 

Two pentose cycle enzymes, glucose-6- 
hosphate dehydrogenase and 6-phospho- 
luconate dehydrogenase, had demonstra- 
le, but low, activities in carp liver homo- 
enates. 
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Effects of Temperature and Body Size upon Heart Rate 
and Oxygen Consumption in Turtles’ 


KENNETH E. HUTTON? DON R. BOYER, JAMES : 
AND PETER M. CAMPBELLS va) C. WILLIAMS 


Department of Zoology, Tulane University, New Orleans, La. 


Numerous scattered reports have given 
data on effects of temperature upon heart 
rates in reptiles. Reports have also been 
made on rates of oxygen consumption at 
different temperatures. However, few 
(with the exception of Adolph, ’51) have 
attempted to correlate these phenomena 
even though Benedict, in his extensive 
study of reptile physiology (732), has stated 
he believed that “. . . the heart rate of the 
‘tortoise may furnish a significant hint as 
to its metabolic activity.” Also, the size of 
the animals has usually not been consid- 
ered in interpreting the data reported. 

It was the purpose of this investigation 
to attempt to determine the effects of tem- 
perature and body size upon heart rate and 
metabolic rate in two species of turtles, 
and to determine if a correlation exists be- 
tween heart rate and metabolic rate in 
these animals. 


MATERIALS AND METHODS 


Six specimens of the Mobile cooter turtle, 
Pseudemys floridana mobilensis, were col- 
lected in the region of Lake Concordia, 
Louisiana, in May, 1957. Heart rates were 
taken of these animals of varying size at 
different temperatures between 10.5° and 
35°C. The animals were initially cooled 
in a refrigerator and then gradually 
warmed to room temperature and heated 
under an incandescent lamp. Heart rates 
were recorded on a Sanborn Twin-Viso, 
Model 60, electrocardiograph. Channel 3 
or, at times, channel 2 was found to give 
the best recordings. Leads were attached 
by means of copper alligator clamps to the 
| plastron and epidermis ventral to the limbs. 
Electrode paste was liberally used. The 
animals were held immobile during the re- 
cording by strapping them with cord to a 
wooden platform. Results are given in 
figure 1. 


More extensive studies were done on 
specimens of the red-eared turtle, Pseu- 
demys scripta elegans. These animals were 
collected in the region of Schriever, Louisi- 
ana, a short time previous to each study in 
which they were used. In July of 1957 
heart rates were taken on a group of 10 
animals varying in weight between 300 
and 800 gm. Rates were recorded at 5 
degree intervals ranging from 15° to 35°C. 
The method of recording rates was similar 
to that used with the cooter turtles. How- 
ever, body temperatures were achieved in 
a slightly different manner: the animals 
were placed in a water bath at the desired 
temperature for several hours previous to 
having the heart rates taken. Results are 
given in figure 2. 

During March of 1958 oxygen consump- 
tion and heart rates at 10°, 20°, and 30°C 
were determined in a series of 11 red-eared 
turtles ranging between 233 and 1,805 gm. 
Oxygen consumption was measured by 
placing the animal in a sealed desiccator 
which, in turn, was placed in a constant- 
temperature water bath. Soda lime within 
the desiccator absorbed CO2. Each des- 
iccator was connected by tubing to a grav- 
ity-type water spirometer containing O:. 
After one to two hours to allow the animal 
to become accustomed to its new surround- 
ings, measurement was begun. Oxygen 
consumption was determined for a 20- to 
22-hour period, and volume of oxygen con- 


1 This investigation conducted at the Dept. of 
Zoology, Tulane University, New Orleans, La., un- 
der grants from the National Institutes of Health 
and the Louisiana Heart Association. 

2Now at the Dept. of Biological Sciences, San 
Jose State College, San Jose, Calif. 

3 Now at the Dept. of Biology, Washburn Uni- 
versity of Topeka, Topeka, Kansas. 

4 Now at the Dept. of Veterinary Science, Louisi- 
ana State University, Baton Rouge, La. 

5Now a student at the School of Medicine, 
Tulane University, New Orleans, La. 
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Fig. 1 Minimum heart rates at various temperatures in 6 specimens of Pseudemys 
floridana mobilensis of various body weights. 


sumed was recorded after being converted 
to standard temperature and pressure. Just 
previous to placing the animal in the des- 
iccator and just after removal, the heart 
rate was recorded. Previous to being placed 
in the desiccator, each animal had been 
maintained at the desired temperature for 
three days by having been kept in a water 
bath at 20° or 30°C, or in a refrigerator at 
10+ 1°C. No animal had eaten for one 
week previous to having its oxygen con- 
sumption determined, although the animals 
were kept in water-filled washtubs at room 
temperature and were fed whitefish and 
lettuce between the determinations at the 
different temperatures. Results are given 
in figure 3 and are summarized in figure 4. 

In order to determine to what extent 
variations in heart rates at high tempera- 
tures were due to general excitement of 
the animals, heart rates in the series of 
11 animals were determined at 25°C pre- 
vious to and after cardiac injection of 
tubocurarine chloride. Doses two to three 
times that recommended for humans (2-3 
x 1 mg per 10 lb. body wt.) were necessary 


20 25 30 35 


to quiet the animals. Results will be dis- 
cussed later. 

Standard statistical procedures were 
used. Where suitable, lines of regression 
have been fitted to the heart rates and 
oxygen consumptions as compared to the 
weights using the method of least squares. 
Correlation coefficients have been com- 
puted and their significance evaluated us- 
ing the Fisher z-transformation (as de- 
scribed by Mode, 751). 


RESULTS AND DISCUSSION 


Effects of temperature upon heart rate. 
It was not surprising to find that heart 
rate increased with temperature. This was 
true in all animals studied. In the group 
of 10 red-eared turtles in which heart rate 
was determined at different temperatures 
in July, the weights ranged between 300 
and 800 gm. This is a relatively small 
weight range and no consistent differences 
due to weight were noticeable. For prac- 
tical purposes, the variations in heart rates 
within this group may be considered as 
being due to temperature differences alone. 


HEART BEATS PER MINUTE 


15 20 25 30 35 

BODY TEMPERATURE IN DEGREES C. 
Fig. 2 Mean, standard error of the mean, and 
ange of average heart rates at 5°C temperature 
tervals in 10 specimens of Pseudemys scripta 
legans of essentially similar body weights (300— 
00 gm). The average heart rate at each tempera- 
re was determined in each of the 10 animals 
d these average rates used in the data above. 


he average heart rate of each turtle at the 
different temperatures was determined. 
There was very little fluctuation with- 
in each individual of this group. Fig- 
ure 2 shows the results. The mean change 
in heart rates and the Qi of this change 
for each temperature increment are as 
follows: 


Xe Beats Qio 
15-20 9.0 B33} 
20-25 19.3 3.24 
25-30 ipod 1,92 
30-35 10.2 Si 


The changes are statistically significant at 
the 1% level except for that between 30°— 
35°C which is not significant at even the 
5% level. In short, the change in rate is 
most rapid in the center of the temperature 
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range and falls off at the upper and lower 
limits. Figure 2 indicates that the higher 
the temperature, the wider the range of 
heart rates in different animals, while at 
lower temperatures the range is smaller. 
Figures 1 and 4 also indicate this tendency 
for heart rates to converge and fall less 
rapidly at lower temperatures—even con- 
sidering weight differences. No sex dif- 
ferences were noted in any of the experi- 
ments. 

Wilber and Lieb (’50) found the heart 
beat in the painted turtle, Chrysemys picta, 
varied from 28-35 per minute at 27°C 
to 93 per minute at 38°C. Kaplan and 
Taylor (’57) reported the heart rate in 
Pseudemys sp. was 15.3+9.0 at 20°C. 
These rates are within the ranges found 
in this study. A brief review of earlier 
physiological studies on turtle hearts was 
given by Woodbury (’41) who reported 
gradually increasing heart rates in 6 tur- 
tles (unidentified) rising from two beats 
per minute at 0°C to 70 beats at 30°C. 
This increase in rate was accompanied by 
increasing systolic and diastolic pressures, 
indicating increasing cardiac output and 
vasodilation. Rodbard and Feldman (746), 
in their work with Pseudemys scripta ele- 
gans, found the heart rate, systolic and 
diastolic pressures varied directly with body 
temperature between 3° and 38°C—al- 
though at higher temperatures these values 
fell. It is probable that in the present study 
the heart rates would not have gone much 
higher before starting to fall. It is at least 
apparent that the rate of increase is less 
between 30° and 35° than between the 
previous 5° increments of temperature. 
Rodbard et al. (750) have later reported 
that the turtle brain, particularly the re- 
gion of the third ventricle, is sensitive to 
temperature changes and controls thermal- 
ly induced blood pressure changes. It is 
doubtful if intrinsic heart rhythms, as 
found by Loomis et al. (’30) in excised 
hearts of Chrysemys picta and Pseudemys 
rubiventris, play a significant role in the 
intact animal. 

Effect of body size upon heart rate. Fig- 
ure 1 indicates that in the Mobile cooter 
turtle at temperatures between 11° and 
35°C, the heart rate is inversely related to 
the size of the animal. Weight in these 6 
animals ranged between 365 and 2,445 gm. 
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At a given temperature, the heart rate, in 
general, is slower the larger the animal. 
This is particularly true at the higher tem- 
peratures, but is less noteworthy at the 
lower temperatures where the differences 
between rates are less. 

The red-eared turtle does not grow to 
be as large as the Mobile cooter. However, 
figure 3 indicates how the heart rates 
varied at 10°, 20°, and 30°C in 11 animals 
ranging in size from 233 to 1,805 gm. At 
10°C the line of regression between mini- 
mum heart rates and weights slopes very 
gently downward with a correlation ratio 
of —0.313. A Fisher z-transformation of 
0.907 indicates that this is not statistically 
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Fig. 3 Oxygen consumption (open dots) and minimum heart rates (solid dots) at 10°, 
20°, and 30°C in 11 specimens of Pseudemys scripta elegans of various body weights. 
Lines of regression for oxygen consumption (broken line) to body weight and for minimum 
heart rate (solid line) to body weight at each temperature have been plotted using the 
method of least squares. 


10 12 


significant. At 20°C the slope is more pro- | 
nounced; the correlation ratio is —0.648 | 
with a z value of 2.189, which is significant 
at the 5% level. There appears to be a 
definite inverse correlation between heart 
rate and body size at this temperature. At 
30°C the correlation ratio is —0.380 with 
a z value of 1.130, which is not significant. 
The regression line at this temperature 
shows a definite slope, but there is a great 
deal of individual variation. We believe 
that the variation at this higher tempera- 
ture is due to varying degrees of excite-_ 
ment displayed by the animals. This group 
of animals studied in March was more ex- | 
citable than animals worked upon at 
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Fig. 4 Mean oxygen consumption and mean minimum heart rate for the group of 11 
Pseudemys scripta elegans at 10°, 20°, and 30°C. Heart rates were also detremined at 5°C. 


ther times of the year in this and other 
tudies. Work now in progress may indi- 
ate that this is a cyclic variation cor- 
elated with the mating season. This in- 
reased excitability plus a high tempera- 
ure may account for the erratic results— 
though a negative correlation between 
eart rate and size still is indicated. 

In an attempt to determine to what ex- 
tent excitement affected the results, heart 
rates in this series of 11 animals were 
studied at 25°C before and after injection 
of tubocurarine chloride. Before injection 
heart rates ranged from 90 to 5 beats per 
minute with a correlation coefficient with 
weight of —0.299. After injection, the rates 
ranged from 40 to 5 beats per minute with 
a correlation coefficient of —0.553. The 
effect of tubocurarine chloride was not as 
successful or as consistent as had been 
hoped for, and neither coefficient may be 
considered statistically significant. How- 
ever, perhaps some support is given to the 
concept that excitement is an important 
factor in this group of animals at a high 
temperature. 

In summary, it may be said that there 
is a consistent negative correlation between 
body size and heart rate. This is most 
noticeable in the medium range of tem- 
perature. At lower temperatures this is 
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less pronounced as ali heart rates become 
slower; at higher temperatures it may be 
partially obscured by other factors. To our 
knowledge this relationship of heart rate 
to body size in reptiles has not been re- 
ported upon previously. It is not known if 
these differences in heart rate with size 
are compensated for by variation in cardiac 
output, arterial pressures, or other internal 
adjustments. 

Effect of body size upon metabolic rate. 
In the oxygen consumption experiments 
done upon the red-eared turtles at 10°, 
20°, and 30°C (fig. 3) there were no 
consistent or significant variations of oxy- 
gen consumption with size. Correlation 
coefficients were, respectively, —0.221, 
0.347, and —0.052. Size appears to have 
no effect upon metabolic rate in these 
animals. 

This agrees with the work of Baldwin, 
who, in his work with turtles (26) and 
snakes (’30), could find no causal relation- 
ship between size or surface area and oxy- 
gen consumption. Benedict (’32), in his 
extensive studies on reptiles, found that, if 
anything, larger turtles had a higher me- 
tabolic rate per unit of body weight than 
did the smaller ones if entire body weight 
was considered. If body weight minus 
shell weight was considered, metabolism 
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per unit body weight was consistent in 
tortoises of all sizes. Shell weight does not 
appear to be a factor in the present investi- 
gation. In a previous study one of the 
authors (Hutton, manuscript in prepara- 
tion) found that shell weight of the red- 
eared turtle did not vary significantly in 
percentage of body weight but varied be- 
tween 24% and 33%, with. a mean of 
29% (although blood volume proportion- 
ately decreased with increasing size!). We 
are forced to the same conclusion as Bene- 
dict, namely, that comparison of the me- 
tabolism of tortoises and turtles with refer- 
ence to surface area and body weight is of 
no significance whatsoever. 

No attempt will be made to fit this lack 
of correlation between body size and/or 
surface area with metabolic rate in turtles 
into any broad picture concerning effects 
of these upon the animal kingdom in gen- 
eral. However, this lack of correlation ap- 
pears strange, particularly when it has 
been reported in other reptiles—notably 
lizards (see Cook, "49; Dawson and Barth- 
olomew, 56). 

Effect of temperature upon metabolic 
rate. It is not surprising to find that me- 
tabolic rate is positively correlated with 
temperature in these poikilotherms. Fig- 
ure 4 summarizes the finding concerning 
effects of temperature upon oxygen con- 
sumption in the red-eared turtle. Ihe in- 
creases in oxygen consumption between 
10°-20°C and 20°—30°C are statistically 
significant at the 1% level; the Qu’s are, 
respectively, 2.22 and 1.93. 

Hall (24) has reported increasing rates 
of O:; consumption in the midland painted 
turtle, Chrysemys picta. He also noted a 
lower respiratory quotient at lower tem- 
peratures. Rapatz and Musacchia (757) 
noted comparable results in their work with 
the same species. 

Relationship between heart rate and 
oxygen consumption. Figure 3 does not 
indicate any correlation between heart rate 
and oxygen consumption in individual 
turtles. Where oxygen consumption may 
be above the mean, heart rate may be low, 
or vice versa. And, of course, heart rate 
is generally lower in larger animals even 
though their metabolic rate may not differ 
from smaller ones. In figure 4, however, 
when the mean rates of oxygen consump- 


tion are compared to the mean minimum } 
heart rates (size differences being ig-} 
nored), both appear to follow a similar} 
positive relationship to temperature and, | 
therefore, possibly to each other. 

Adolph (’51) has noted a proportionality 
between heart rate, oxygen consumpcea 
and breathing rate in cold-blooded verte- } 
brates. In the human, limited data has} 
shown a correlation between heart rate and 
oxygen consumption in sleeping subjects 
(Hoffman, ’56) and in exercising individ- 
uals (Le Blanc, ’57). Considering the pres- 
ent turtles as a group, as in figure 4, this 
proportionality also appears to hold true. 
It is unfortunate that oxygen consumption | 
and heart rate could not be measured | 
simultaneously in this study. Until this) 
can be done, a more precise statement re- 
garding the relationship between heart rate 
and metabolic rate can not be made. 
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On the Excitability Change During the Rhythmic 
Excitatory State of the Single Optic 
Nerve-ending of Horseshoe Crab 


ICHIRO TANAKA! 


Department of Physiology, Tokyo Women’s Medical College, 


Tokyo, Japan 


As the rhythmic response is a prominent 
characteristic of nerve-cell activity, its phy- 
siological origins have been studied exten- 
sively in isolated single axons (Fessard, 
*36; Arvanitaki, “39; Katz, 36; Erlanger 
and Blair, 36; Hodgkin, *48). 

On the other hand, studies of electrical 
activity recorded intracellularly within om- 
matidia of the lateral eye of the horeshoe 
crab have recently been reported (Hartline 
et al., 52; MacNichol et al., 53; Tomita, 
756; Tomita et al., 60). According to To- 
mita (56; 57), the membrane of a certain 
cell generating a slow potential (omma- 
tidial action potential) in response to il- 
lumination does not show any active re- 
sponse to electrical stimulus. When an 
ommatidium was illuminated, the nerve- 
ending connecting protoplasmically with 
the cell was fired repetitively by an out- 
ward current through the cell membrane, 
caused by the slow potential. 

An attempt was made to study the rhyth- 
mic excitatory process of the nerve-ending 
with the aid of intracellular microelec- 
trodes. This experiment was one of a ser- 
ies of investigations (Tomita et al., “60; 
Tanaka and Yamanaka, unpublished). 


METHOD 


Experimental animals used were horse- 
shoe crabs from the Inland Sea of Japan 
(Tachypleus tridentatus). An excised la- 
teral eye of the horseshoe crab was cut 
horizontally and immersed in physiological 
saline solution (Kikuchi and Tanaka, ’57). 
The solution was composed of 400 mM of 
NaCl, 10 mM of KCI, 10 mM of CaCl. and 
95 mM of MgCh. The experimental ar- 
rangement is shown schematically in fig- 
ure 1. A glass microelectrode (Ling and 
Gerard, ’49; Nastuk and Hodgkin, ’50 ) con- 


taining 3 M KCl was inserted into the cell 
within an ommatidium. Repetitive stim- 
ulating current pulses lasting 5 msec. were 
sent into the cell through a 200 megohm 
resistor and the microelectrode. 

The intracellular potential changes were 
recorded by a cathode-ray oscillograph via 
pre-amplifier and a D.C. amplifier (To- 
Mmitasctealies G0). 


G 


200M 


} Fig. 1 Experimental arrangement for record- 
ing and stimulus. G, grid; E, microelectrode; P, 
square pulse generator. 


Repetitive current pulses at various rates 
and intensities were sent into the cell for 
the determination of threshold at different 
stimulus rates. The minimum intensity at 
which the cell fired in response to each 
pulse defined the threshold for that stim- 
ulus rate. 

The experiment was conducted at 23- 
24°C. 

RESULTS 

In many Cases, a spontaneous discharge 
appeared after the resting potential has 
been observed. This may be due to an in- 
jury-depolarization caused by electrode in- 
sertion (Tomita, 56). 

1Present address: Department of Physiology 
and Biophysics, School of Medicine, University of 
Washington, Seattle, Washington 
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Fig. 2 Spontaneous discharge (A) and dis- 
charges evoked by repetitive current pulses of 
threshold intensity (B and C). First deflection of 
each pair is stimulus artifact; second is action 
potential. 


The spontaneous discharge is shown in 
A of figure 2, and two examples of dis- 
charges evoked by repetitive current pulses 
of the same intensity but of different in- 
tervals in a series of experiments are 
shown in B and C. Intervals between the 
spontaneous discharges were approxi- 
mately equal and about 67 msec. 

Figure 3 illustrates the threshold at dif- 
ferent stimulus intervals. As this figure 
shows, the threshold decreased exponen- 
tially as the stimulus interval was in- 
creased, reaching zero at the interval of 
the spontaneous discharge. 

When the nerve-ending was depolarized 
by a background illumination, the same 
relation was found. The discharge interval 
caused by the illumination was 48 msec. 
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Fig. 3 Threshold intensity at different stim- 
ulus intervals. 


The thresholds at each stimulus interval 
were less than those obtained without il- 
lumination, and became zero at the inter- 
val of 48 msec. 

These results indicate that the threshold 
in the rhythmic excitatory state decreased 
exponentially as the stimulus interval de- 
creased and fell to zero at the discharge 
interval of thé initial rhythmic excitatory 
state. 

DISCUSSION 

From these results and previous experi- 
ments (Tomita et al., 60), it is concluded 
that the discharge interval at a repetitive 
excitatory state depends on both the time- 
course of excitability after each spike and 
the intensity of a steady depolarizing cur- 
rent on the nerve-ending. This phenom- 
enon is similar to that explained by the 
“recovery cycle hypothesis” presented by 
Adrian (’28; ’30). 

The relationship between the discharge 
interval (ie., the interval between im- 
pulses in a train of elicited discharges) 
and the intensity of a depolarizing direct 
current was plotted from the data of the 
experiment by Tomita et al. (60) and is 
shown in figure 4. Using the data of fig- 
ures 3 and 4 and taking into consideration 
the temperature differences of the experi- _ 
ments, the intensity of the repetitive cur- | 
rent pulse which elicits a given discharge 
interval (fig. 3) can be related to the in- | 
tensity of the depolarizing direct current — 
eliciting a train of impulses having the 
same discharge interval (fig. 4). 

The curve in figure 3 differs a little from 
the recovery curve of excitability after a 
spike, and it is more convenient than the © 
recovery curve to compare with the relation 
shown in figure 4. The relation in figure 
4 can thus apparently be explained by the 
excitability properties of the nerve-ending 
as demonstrated with repeated pulses in 
the experiment. 

On the other hand, there were slowly 
depolarizing local potentials between each 
spike when the ending was in the repetitive 
excitatory state (see A of fig. 2). As the 
discharge interval was decreased by strong- 
er depolarizing currents, the rate of rise 
of this local potential increased. The dis- 
charge interval appeared to be determined 
by how soon the local potential reached 
the critical firing level of the nerve-ending 
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Fig. 4 Relation between continuous polarizing 
current and the interval between impulses in a 
train of elicited discharges, 15°C (Tomita et al.). 


(Tomita et al., 60). This relation is simi- 
lar to the phenomenon reported by Hodg- 
kin (’48) in the crab giant axon. It seems 
that the relation between excitability and 
the local potential is important, but can- 
not be discussed fully from the data of 
this experiment. 


SUMMARY 


Thresholds during the rhythmic excita- 
tory state of the optic nerve-ending of la- 
teral eye of the horseshoe crab were in- 
vestigated at various repetitive stimulus 
current rates by means of intracellular mi- 
croelectrodes. 

As the stimulus interval increased, the 
threshold decreased. This relation was ex- 
ponential, and the threshold fell to zero 
when the stimulus interval had just be- 
come equal to the discharge interval with 
no applied current pulse. 

From the results of this and previous 
experiments, it seems that the threshold- 
interval relation of the optic nerve-ending 
during its rhythmic excitatory state can 
be explained by the recovery cycle hypo- 
thesis. 
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Circadian' Activity Rhythms in Cockroaches 
I. THE FREE-RUNNING RHYTHM IN STEADY-STATE” 


SHEPHERD K. pr F. ROBERTS 
Biology Department, Princeton University, Princeton, N. J. 


The universality of daily rhythms in 
organisms has been adequately document- 
ed in several recent reviews (Pittendrigh 
and Bruce, 57; Aschoff, 58; Bunning, ’58; 
and Harker, 58). In the majority of cases 
studied these rhythms, which include loco- 
motion, insect eclosion, pigment-cell migra- 
tion, phototaxis and many other activities, 
have been found to persist under conditions 
of constant darkness (or light) and con- 
stant temperature. 

The majority of investigators agree that 
the persistence of rhythms under constant 
laboratory conditions reflects their endog- 
enous nature, although this persistence 
does not, in itself, provide a rigorous proof 
for their endogenous origin. However, 
Aschoff (758) and Pittendrigh (’58) have 
noted what is surely the crucial observation 
that provides the needed proof in this mat- 
ter. They point out that the period of most 
rhythms is rarely, if ever, precisely that 
of a solar day. This observation rules out 
the hypothesis (Brown, °57) that persis- 
tent rhythms are being exogenously driven 
by any known or unknown environmental 
variables whose periodicity depends upon 
the earth’s rotation. The fact that the peri- 
od of persistent rhythms is generally only 
an-approximation to a day has led to the 
adoption of the term Circadian (circa, 
about; diem, day) rhythm as more appro- 
priate than the usual “24-hour,” “Daily,” 
or “Diurnal” designations. 

Interest in this field currently focusses 
on the problem of what physiological sys- 
tems are responsible for the endogenous, 
circadian rhythms of living organisms. As 
pointed out in several earlier papers from 
this laboratory (Bruce and Pittendrigh, 
*57; Pittendrigh and Bruce, ’57; and Pitten- 
drigh, 58) the search for a causal explan- 
ation will probably be facilitated by a pre- 
liminary comparative study of the formal 
properties of circadian rhythms in a di- 


versity of organisms. The work summar- 
ized in the present series of papers on cir- 
cadian activity rhythms in cockroaches is 
part of the comparative study this labora- 
tory has undertaken in organisms ranging 
from protists to mammals. 

The present paper deals specifically with 
the steady-state properties of the free-run- 
ning (i.e., not entrained by external sig- 
nals) rhythms of locomotion in cockroach- 
es. These studies include estimates of the 
free-running periods of individual cock- 
roaches under conditions of constant dark; 
constant light (several intensities); and 
constant temperature (several levels). Lat- 
er papers will be devoted to the transient 
(as opposed to steady-state) behavior of 
cockroach rhythms (e.g., phase-shifting ) 
in response to changes in the experimental- 
ly controlled light or temperature regime; 
and to the nature and action of Zeitgebers 
or entraining agents. 

Throughout the paper the following com- 
monly accepted abbreviations are used: 
LD signifies conditions of alternating light 
and dark; LD (23:1) more specificially de- 
notes a regime in which 23 hours of light 
alternate with one hour of darkness; DD 
means constant dark, and LL constant 
light. As indicated above, the term free- 
running rhythm is used to signify one in 
which there is no control of period by an 
external periodic signal such as, for ex- 
ample, LD. 


MATERIALS AND METHODS 


Three different species of cockroaches 
have been used in the experiments: Leu- 


1The term circadian was suggested (unpub- 
lished) by Dr. Franz Halberg (Minnesota). It 
derives from the Latin “circa-diem’—about a day. 

2 This first paper of a series is part of a thesis 
presented to the Department of Biology of Prince- 
ton University (unpublished) in partial fulfill- 
ment of the requirements for the degree of Doctor 
of Philosophy. 
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cophaea maderae (Fabricus); Byrsotria 
fumigata (Guérin); and Periplaneta ameri- 
cana (Linnaeus). They have all been suc- 
cessfully cultured in 5 gallon tanks with 
a bedding of wood-chips and numerous 
cardboard tubes for shelter. Their nutri- 
tional requirements are simple; they grow 
satisfactorily on a diet of Purina Labora- 
tory Chow, water, and apples. The cul- 
tures have been kept in a room maintained 
at 25°C on a clock-controlled light cycle— 
on at 0900 and off at 2100 hours E.S.T. 
Initial experiments (not included here) in- 
dicated that the activity patterns in fe- 
male cockroaches were generally more er- 
ratic than those in males and consequently 
males were studied exclusively. 


' 


Fig. 1 Actograph assembly and light-tight housing described in text: 
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Various kinds of actographs were de- © 
signed in order to record the locomotor | 
activity of the roaches. The most suitable — 
design proved to be the light-weight run- 
ning-wheel cage illustrated in figure 1. 
The framework of the wheel is constructed 
of balsa wood and is covered with nylon 
netting. The wheel, mounted on a delicate 
bearing, is sufficiently well balanced so 
that the weight of the roach rotates the 
whole assembly with ease. An hexagonal 
nut on the rotating axle activates a micro- 
switch which is connected to one of 20 
channels on an Esterline-Angus operations 
recorder. Each switching operation pro- 
duces a short lateral deflection of a pen 
writing on a moving strip of paper. 


A, Running-wheel 


es microswitch; C, water reservoir; D, food; E, intake light baffle; F, exhaust light 
a re z attic space and lamp; H, location of exhaust fan (arrows indicate direction of 

air-flow); I, light-tight access door; J, roach baffle; K, hex-nut to activate micro-switch: L 
> ? 


counterweight. 


RHYTHMS IN COCKROACHES 


A refinement of the switching device in 
some actographs has permitted the study 


‘of extremely small roaches including very 


young nymphs. The limiting factor in the 
use of the standard actograph is the fric- 
tion inherent in its mechanical switch. 
This problem has been resolved by a fric- 
tionless electronic switch circuit that cap- 
italizes on the peculiar property of ferrite 
materials to change the inductance of a 
coil. A compact electronic oscillator was 
designed so that the coil of the circuit could 
be placed near the wheel-cage. Ferrite rods 
Were arranged in a radial fashion on the 
axle of the wheel so that its rotation would 
periodically bring the ferrites into proxi- 
mity with the coil of the oscillator. The 
circuit was adjusted in such a way that 
oscillation ceased when a ferrite rod passed 
through the flux of the coil. The difference 
between the plate currents in the oscillat- 
ing and non-oscillating conditions is suf- 
ficient to operate a sensitive relay which 
in turn is connected to the operations re- 
corder. 

The cockroach lives permanently in the 
running-wheel cage. Watering and feed- 


ing is accomplished as follows. A 1¥2-pint 


water reservoir stands outside the cage. A 
plastic tube, containing a cotton wick, is 
led from the reservoir to the wheel cage 
which it enters, without contact, through a 
3/4-inch hole in the side opposite the bear- 
ing and axle. A baffle mounted on the plas- 
tic tube prevents the roach from escaping 
through the gap between the wick-tube and 
the hole in the side of the wheel. The lip 
of the wick-tube inside the cage also serves 
to suspend a piece of Purina Chow on a 
thread. The roaches quickly learn to climb 
straight up the side of the wheel to drink 
from the cotton wick. The entire assembly 
can be left undisturbed for about a month 
after which time the water bottle usually 
requires refilling. 

_~During the course of the experiments a 
total of 20 actographs were placed into 
individual boxes. These were individually 
ventilated with small fans, and carefully 
insulated from light leaks. Each box was 
fitted with an incandescent lamp which 
was located in an “attic” space above the 
actograph. The flow of fresh air through 
the box and out of the attic space kept the 
lower section (with actograph) at a con- 
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Stant temperature regardless of whether 
the lamp was on or not. These boxes were 
kept in a constant temperature room main- 
tainedrati25-@ == 472% 

The technique of handling the activity 
records was as follows. Twenty different 
roaches were simultaneously recorded on 
the 20-channel operations recorder. Each 
day’s record for the animals was removed 
and the chart cut so as to separate the in- 
dividual record of each animal. Each one 
of these record strips was then transferred 
to large poster-boards where one day’s 
record was pasted down in chronological 
order directly below that of the preceding 
day. In this form the record of an indi- 
vidual’s activity for many weeks can be 
expressed as a whole. 

Interpretation of the data requires the 
adoption of some characteristic statistic of 
the locomotor pattern. The most regular 
feature of the activity rhythm is the time of 
the onset of running, and this has accord- 
ingly been chosen. The onsets of running 
activity over a period of several weeks are 
connected by solid black lines, which repre- 
sent the best “eye-fit” to the data. The 
slopes of the lines are graphic representa- 
tions of the periods of the rhythms. Due 
to the fact that the roach has no unequivo- 
cal onset of running, there is some sub- 
jective error involved in such a procedure. 
To obtain an estimate of this error, the 
“best eye-fit” procedure was repeated on a 
typical roach record by 12 different people. 
For 30 days of data, 12 individual esti- 
mates of period were remarkably similar, 
differing from the mean by less than +'¥% 
minute per day. The accuracy of period es- 
timates derived in this way will vary de- 
pending on the number of days analyzed, 
the discreteness of the onsets of activity, 
and perhaps some variable subjective fac- 
tors. Recognizing these shortcomings, we 
can nevertheless be confident that for the 
majority of cases the estimate of period is 
reliable within +2 minutes. 


RESULTS 


A. Rhythm in constant darkness 
As an introduction to the results pre- 
sented here it should be noted that under 
conditions of constant temperature the 
phase (time of onset of running) and 
period (interval between successive on- 
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sets) of the cockroach activity rhythm can 
be controlled by a periodic light regime 
(Roberts, 59). In an artificial regime 
where 12 hours of light alternate with 12 
hours of dark (LD 12:12) the roach at- 


WEEKS 
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tains a steady-state rhythm whose period 
is 24 hours and whose phase is always 
such that activity begins at, or shortly af- 
ter the light to dark transition. Similar en- 
trainment of the phase and period of the 
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12:00 24:00 


Fig. 2 Record of the activity i 
; € pattern of Leucophaea No. 25 in constant d 
eee aes Me as aces represents 24 hours). The period of the see eres 
slope o e eye-fitted line) is initially 24 hours, but ch j 
abrupt way during the third week to 23 hours, 48 minutes. animate ae 


RHYTHMS IN 


roach rhythm can be effected in constant 
darkness by a 24-hour periodic tempera- 
ture fluctuation (Roberts, 59). Under 
these conditions (when the temperature is 
artificially fluctuated between 20°C and 
30°C) activity begins about one hour be- 
fore the time of maximum temperature. 

1. Persistence of rhythm in DD. In the 
absence of such periodic light or tempera- 
ture regimes the cockroach rhythm per- 
sists for at least three months in DD (see 
figs. 2 and 3). There is no indication of 
a gradual loss of the rhythm in the two 
illustrated cases, nor for that matter in 
any of the 20 tested roaches, and it is pre- 
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Fig. 3 Record of the activity 


consecutive weeks (horizontal scale represents 24 hours). Note 
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sumed, therefore, that these rhythms 
would continue until the death of the ani- 
mals. The indefinite persistence of the 
rhythm in DD is a striking empirical re- 
sult that merits emphasis. 

2. The circadian period. The results of 
this study clearly demonstrate that the ac- 
tivity rhythm of the roach is typically cir- 
cadian; that is, the rhythmic nature of the 
activity persists indefinitely in constant 
conditions of light and temperature with 
a period that is only a close approximation 
to 24 hours. For example, note in figures 
2 and 3 that the periods of the rhythms 
are significantly different from 24 hours; 


12:00 24:00 


pattern of Byrsotria No. 22 in constant darkness for 10 


that in contrast to figure 2, 


the period of the rhythm illustrated here is significantly longer than 24 hours (estimated 


to be 24 hours, 14 minutes). 


104 


the former being approximately 23 hours, 
48 minutes, and the latter 24 hours, 14 
minutes. 

3. Lability of the period. In general the 
cockroaches studied exhibited periods in 
DD within the range between 231% to 
24% hours. It has also become apparent 
that a given roach has no single DD period 
that uniquely characterizes its rhythm. In 
practice, the recording of the activity 
rhythm of individual roaches continued for 
many months under various environmental 
conditions. The continuity of DD condi- 
tions was often experimentally interrupted 
every two or three weeks by environmental 
perturbations such as changes in the light 
or temperature regime. Measurements of 
an individual’s DD period before and after 
these perturbations indicated a lability of 
the period. The magnitude of this lability 
for a given animal is expressed by the 


23 wRs. 


24 HRS. 


25 HRS. 


Fig. 4 Range of observed periods in 19 in- 
dividual cockroaches at a constant 25°C. Solid 
circles are individual estimates of period in con- 
stant dark; open circles are periods in constant 
light. On the average the period estimates are 
based on runs of 25 days duration. Roaches Nos. 
21, 22, 24C are Byrsotria; 34A is Periplaneta; and 
all the rest are Leucophaea. 
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range of its observed DD periods (sum- 
marized in fig. 4). 

Although the period of an individual's 
activity rhythm usually remains fixed un- 
der constant conditions of light and tem- 
perature, it may change abruptly in an 
apparently spontaneous fashion as illus- 
trated in figure 2, or it can be induced to 
change in a predictable way in response to 
a perturbation of the environmental regime 
(or in LL as discussed below). A more 
complete presentation of induced period 
changes is deferred to a later publication. 
The significance of differences between the 
ranges of DD periods realized by individu- 
al animals in figure 4 is considered in the 


concluding discussion. 


B. Rhythm in constant light 


Previous investigations on the activity 
rhythms of cockroaches, for example Blat- 
ta (Gunn, 40) and Periplaneta (Harker, 
56), have indicated a loss of the rhythm 
after a few days in continuous light. How- 
ever, in three species of roaches used in 
these experiments the rhythm was not lost 
under such conditions. Figure 5 illustrates 
the persistence of the rhythm of Leuco- 
phaea in LL for up to 20 days with no in- 
dication of a loss of that rhythm. The LL 
rhythm of Byrsotria No. 21 (indicated in 
fig. 4) persisted for 7 weeks at 20 F.C., 
and more recently individual Periplaneta 
were maintained in LL with no apparent 
loss of a rhythm (see fig. 6). 

1. Change of period in LL. The period 
of the rhythm is, however, markedly 
changed in LL. As first shown by Johnson 
(39) for the deer-mouse and subsequently 
documented in many other nocturnal ani- 
mals (Aschoff, 58), the period of the 
rhythm lengthens in continuous light. All 
of the observed period lengthenings in the 
roach rhythm were of an order of magni- 
tude of about 20 minutes to one hour at 
intensities up to 25 F.C. (see table 1 and 
fig. 5). The data do not permit a critical 
analysis of intensity effects, although there 
is an indication that, within the experi- 
mental range of intensities used here, there 
is no obvious correlation between the LL 
intensity and the degree of period length- 
ening. For example, immeasurably low 
intensity LL will evoke a lengthening of 
period commensurate with those at much 
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Fig. 5 Activity record of the roach Leucophaea No. 26 in constant dark (DD) and con- 


stant light (LL, 25 F.C.) demonstrating the following: 


(1) the lengthening of the period in 


LL; (2) the appearance of a secondary activity peak in LL; and (3) the lability of the free- 


running period—the period differs in two successive 25 F.C. runs. 


hours as in figures 2 and 3. 


Horizontal scale is 24 


20:00 


greater illuminations. This remarkable 
fact was discovered quite by accident when 
it was noticed that the period of Byrsotria 
22, running in DD, abruptly lengthened for 
about a week and subsequently reverted to 
its previous value. An investigation re- 
vealed that the roach in the adjacent “light- 


08:00 


Fig. 6 Persistent rhythm of activity of Periplaneta in constant light (LL) at 1 F.C. for 
19 days. Two other Periplaneta tested in LL (not shown) had similarly persistent rhythms 
under identical conditions. Note the secondary peak of activity—its onset is not as clear here 


as in figure 5. 


20:00 


tight” box had been subjected to constant 
light for the corresponding interval of 
time. The circumstances were experi- 
mentally repeated, exposing the roach in 
the adjacent cabinet to LL for one week, 
and once again the period of Byrsotria 22 
lengthened for 7 days. Subsequently these 
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TABLE 1 
Lengthening of period in constant light ; ; 
Periods in constant light (LL) are estimated for individual cockroaches following a prior run im . 


constant dark (DD). The bracketed numbers indi 


which the periods were estimated. 


cate the duration of the runs in DD and LL by 


OE 


Animal DD 
number period 


Period 


LL No. of 
change 


days 


Re ee 


Leucophaea no. 23A 23h, 45m (38) 
Leucophaea no. 25 23h, 42m (8) 

Leucophaea no. 25 23h, 47m (7) 

Leucophaea' no. 26 23h, 16m (21) 
Leucophaea' no. 26 23h, 20m (10) 
Leucophaea no. 26 23h, 56m (18) 
Leucophaea no. 27 24h, 00m (28) 
Leucophaea no, 30 23h, 41m (22) 
Leucophaea no. 30 23h, 45m (14) 
Leucophaea no. 34Y 23h, 44m (11) 
Byrsotria no, 21 23h, 56m (34) 
Byrsotria no, 22 24h, 14m (74) 
Byrsotria no. 22 24h, 24m (16) 


1 Tllustrated in figure 5. 
2 See text for explanation. 


adjacent cabinets were found to have a 
light leak between them, but in order to 
see this light the observer’s eye had to be 
dark-adapted for 10 minutes! It was there- 
fore evident that Byrsotria 22 had length- 
ened its period in response to “immeasur- 
ably” low intensity LL (see table 1). 

These facts indicate that the period 
lengthening in LL either saturates at a 
very low level, or is an “all-or-none” phe- 
nomenon in the cockroach. 


2. Secondary activity peak in LL. Be- 
sides the modification of the period of the 
rhythm in LL, we have found a previously 
unreported change in the pattern of activ- 
ity. This change involves the appearance 
of a second peak of intense activity, the 
phase of which, like the primary onset of 
activity, can be reliably determined. The 
onset of this secondary activity occurs on 
the average about 10 hours after the onset 
of the primary peak. Figure 5 demon- 
strates the generation of the secondary ac- 
tivity peak when the roach is exposed to LL 
following a DD regime. After the DD to LL 
transition the secondary activity in this in- 
dividual begins about 11 hours after the 
last primary onset in DD, and persists 
rhythmically for about three weeks until 
the resumption of DD conditions. At this 


min. 


24h, 45m (26) +60 0.7 F.C 
24h, 10m (13) +28 25 F.C 
24h, 11m (13) +24 0.1 F.C 
24h, 02m (20) +46 25 0h. 
24h, 16m (GED) +56 25 F.C 
24h, 19m (10) +23 25) F.C 
24h, 21m C17) 421 95 08.C 
24h, 10m (16) 129 95 F.C 
24h, 25m (20) +40 25 W Red 
Safelight 
24h, 23m (18) +39 25 F.C. 
24h, 28m (50) +32 I5 eb. 
25h, 30m (7) +76 Immeasurably 
low intensity? 
25h, 24m (7) +60 Immeasurably 


low intensity? 


time the primary onset of activity, which 
was markedly suppressed in LL, again be- 
comes the dominant feature of the activity 
pattern, while the secondary peak abruptly 
disappears. 

It should be emphasized that there is 
a relatively fixed phase relationship be- 
tween the primary and secondary activity 
peaks; the latter usually occurring between 
8 and 12 hours after the primary peak in 
10 individuals tested. The further obser- 
vation that the secondary peak often oc- 
curs with this same phase relationship in 
LD regimes (see fig. 7) indicates that this 
peak is not exclusively the result of LL 
conditions per se, but rather appears when 
the animal is subjected to light during a 
particular phase of its activity cycle. In 
one sense, therefore, the animal is more 
sensitive to light during that fraction of its 
rhythm. 


C. Temperature compensation of the 
free-running period 


The virtual insensitivity to temperature 
change of the period of circadian rhythms 
was first noted by Wahl (’32) in the honey- 
bee; Welsh (738) and Brown and Webb 
(48) subsequently reported similar tem- 
perature independence of period in Crus- 
tacea. The Drosophila eclosion rhythm 
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eats tere Hist 


Fig. 7 Activity record of an individual Leucophaea showing the characteristic secondary 
peak in LD 23:1 regime. Shading indicates darkness, and the horizontal scale is 24 hours as 
in figures 2 and 3. 


DD 25ec 
PERIOD 24H,24M 


ODO 


DD 20°C 
PERIOD 25H, O6M 


DD 30°C 


\ PERIOD 24H 17M 


20:00 08:00 20:00 


Fig. 8 Temperature compensation of the free-running period in an individual Leucophaea, 
No. 29A. The significance of the estimated periods at three different temperatures is dis- 
cussed in the text. The activity of this roach was assayed in a precision cabinet which 
maintained the temperature to +14°C. The time of a PO USCS change is indicated by 
solid black dots and the rate of change was uniformly 10°C per hour. 
eriod was made at 17°C because there is no well-defined rhythm at that 
ding to Binning (’58a) clear activity rhythms in Periplaneta are also lost 


No estimate of p 
temperature. Accor 
below 18°C. 
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was also found to be temperature compen- 
sated (Pittendrigh, 54) and more recent 
work by other investigators documents the 
phenomenon in many other organisms (see 
Pittendrigh and Bruce, 57). The anticipa- 
tion of temperature compensation in the 
roach rhythm led this writer to look for 
it early in this study. It was promptly 
found, as described below, and subsequent- 
ly and independently discovered and re- 
ported by Biinning (’58a). As illustrated 
for Leucophaea 29A, figure 8, DD periods 
for 20, 25 and 30°C were determined. A 
Qi. calculated for periods at 20°C and 
25°C was 1.06, and for the periods at 25°C 
and 30°C the Qi was 1.03. 

The previously demonstrated lability of 
the free-running period in the roach raises 
obvious obstacles to a simple computation 
of a temperature coefficient. Thus while 
the 20°C period of Leucophaea 29A was 
certainly 25 hours, 6 minutes prior to the 
temperature step-up to 30°C, the period 
is known to vary in this animal between 
24 hours, 13 minutes, and 24 hours, 24 
minutes at a constant 25°C. We would 
anticipate that sufficient study at 30°C 
would uncover a similar range of possible 
periods at that temperature. Taken at face 
value the shortening of the period caused 
by a 10°C temperature rise in this case 
indicated a Qw of 1.03. Taking into con- 
sideration the range of observed periods 
for this animal, as indicated in figure 4, 
the Q:. could not be much greater than 
1.04. The range of periods at 25°C in 
Leucophaea 29A was 24 hours, 13 minutes 
to 24 hours, 24 minutes or £5 minutes 
from the median of 24 hours, 18 minutes. 
On the basis of this observed lability we 
have estimated the greatest allowable er- 
ror in the calculation of a Qi. by adding 
5 minutes to the observed period at 20°C 
and subtracting 5 minutes from the ob- 
served period at 30°C. This gives us the 
maximum allowable difference between 
the measured periods at the two tempera- 
tures, or in other words, we have increased 
the difference by 10 minutes. Assuming 
this degree of error the calculated Qi be- 
comes 1.04 instead of 1.03. This extremely 
low estimated value of the Qio reveals that 
virtual independence of temperature which 
gives the circadian rhythm its functional 
significance as a time measuring system. 
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DISCUSSION 


The experimental results presented 
above justify the following conclusions — 
about the free-running, steady-state loco- — 
motor rhythm in cockroaches: (1) it is | 
persistent in both constant dark and con- © 
stant light for months at least and prob- 
ably indefinitely; (2) it is characterized — 
by a circadian period which is stable for | 
long intervals of time but (3) is subject 
to both induced and spontaneous change; | 
(4) the range of periods realized by an an- 
imal differs from individual to individual; 
(5) the period—as well as the form of 
the rhythm—is altered by constant light; 
and (6) the rhythm is temperature com- 
pensated at least in the range 20°-30°C. — 
Some of these results merit concluding 
comment. 

The persistence of the rhythms in these 
studies is noteworthy for two reasons: (1) 
earlier investigators (Gunn, 740; Harker, 
06) of cockroach rhythms have reported 
that the rhythms are lost after a few days 
in constant dark or light; and (2) the gen- 
eralization of Pittendrigh and Bruce (’57) 
that circadian rhythms are, formally self- 
sustaining oscillations (which, by defini- 
tion, are non-damped) predicts the persis- 
tent rhythms documented here for the 
roach. In discussing the persistence or loss 
of rhythms under so-called “constant” Jab- 
oratory conditions it would be of prime 
importance to discriminate between, for ex- 
ample, the loss of the overt activity rhythm 
and the disruption of the underlying 
endogenous pacemaking system. Although 
the distinction can not be made at this 
time it is clearly possible that reports of 
the loss of rhythms may, in fact, represent 
only a temporary loss of the overt rhythm. 
Such arhythmicity might be due to the 
specific experimental conditions adopted 
to assay the locomotion. Thus it is pos- 
sible that by tying the cockroach to a 
kymograph lever, as in Harker’s published 
(56) methods, one generates a frustrating 
restraint that promotes a breakdown of the 
rhythm in a few days. It may also be that 
the overt rhythm is obscured by frequent 
but irregular disturbance if the animal has 
to be fed and watered after short intervals. 
Whether or not the earlier claims of damp- 
ing of roach rhythms can be explained in 
this way it is, nevertheless obvious that 
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certain advantages are to be gained in all 
rhythm studies by the long-term provision- 
ing for the experimental animal. 

Earlier work on the cockroaches Blatta 
(Gunn, 40) and Periplaneta (Harker, ’56) 
indicated a loss of the activity rhythm in 
a few days in constant light of three and 
25 foot-candles respectively. This arhyth- 
micity should not, however, be construed 
as the direct result of constant light since 
the rhythms were likewise reported lost 
in constant darkness in a corresponding 
interval of time. Thus, these reports of 
damping in constant light might be ex- 
plained in the same terms as enumerated 

_ above for the non-persistence of rhythms 
in constant dark. According to Biinning 
(58a) the locomotor activity of Periplan- 
eta is most clearly rhythmical in dim con- 
stant light (less than 25 foot-candles). 
Unfortunately his results do not indicate 
how long the rhythm persists in dim light 
as compared to constant dark. In the three 
species of roach used in this study an 
overt activity rhythm persists for at least 
several weeks in constant light up to 25 
foot-candles. 

The significance of the circadian period 
in excluding the hypothesis (Brown, °57) 

-of external control of rhythms needs no 
further emphasis here. 

We can not at this time draw any spe- 
cific conclusions from the general facts 
that the period of the free-running, steady- 
state rhythm of the roach is remarkably 
stable over relatively long intervals of time, 
but is nevertheless subject to both spon- 
taneous and induced change. However, 
it is noteworthy that similar period chang- 
es have been recorded in other organisms 
such as the laboratory mouse (Aschoff, 
52); the hamster (Burchard, ’56); and 
Peromyscus (Rawson, ’56; Pittendrigh 
and Barth, 56). In these cases (and in 
cockroaches as well) the spontaneous 
change from one steady-state period to 
‘another is abrupt. The abrupt quality of 
the period change led Pittendrigh and 
Bruce (’57) to speculate on a system of 
high frequency internal physiological 
rhythms entraining and stabilizing by fre- 
quency demultiplication the overt circadian 
activity rhythm. Direct evidence for such 
a system awaits an examination of the pre- 
diction that the observed changes of period 
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are all whole multiples of a common time 
interval. 

It is clear from the study of 19 indi- 
vidual cockroaches that any given animal 
has no single free-running period that un- 
iquely characterizes its endogenous rhythm 
in DD: the period is affected by immediate- 
ly prior environmental perturbations, and 
on occasion by some as yet unknown spon- 
taneous phenomenon. There is, on the 
other hand, equally clear evidence in fig- 
ure 4 of differences between individual 
roaches in the range of periods that they 
can realize under the influence of prior 
experience. The significance of differences 
between the ranges of DD periods realized 
by individual animals invites speculation 
and further studies on the possibility that 
the individual’s period range is genotypic- 
ally fixed. 

The temperature compensation of the 
free-running period of the cockroach 
rhythm was anticipated on the basis of ear- 
lier studies on other poikilothermic organ- 
isms. It was promptly found in the cock- 
roach and Qw's calculated for periods at 20 
and 25°C, and 25 and 30°C were 1.06 and 
1.03 respectively. Although temperature 
compensation has been demonstrated in 
earlier experiments, it is relatively recently 
that the phenomenon has been explicitly 
recognized to be: (1) a functionally sig- 
nificant feature of a time measuring sys- 
tem (the rhythm functions as a clock... 
Pittendrigh, 54) and (2) a universal fea- 
ture of circadian rhythms generally (Pit- 
tendrigh and Bruce, ’57). 

The effective lengthening of the roach’s 
period in constant light can not, at this 
time, be explained in any concrete terms. 
There is, however, amongst many organ- 
isms studied (Aschoff, 58), a general cor- 
relation between the lengthening of the 
period in LL and nocturnalism; and short- 
ening of the LL period in diurnal forms. 

The appearance of the secondary peak 
of activity in LL and LD regimes suggests, 
as mentioned previously, a light-sensitive 
fraction in the activity rhythm. The fact 
that the phase of the secondary peak could 
closely coincide with “dawn” in the ani- 
mal’s natural environment, suggests a pos- 
sible interpretation of the adaptive func- 
tion of this light sensitivity. Thus the vig- 
orous activity expressed in the secondary 
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peak might represent a kinesis reaction 
whereby the roach is stirred to activity by 
the dawn’s light until it reaches an optim- 
ally dark refuge where its movements will 
cease. 

SUMMARY 

1. Under constant conditions of light 
and temperature the locomotor activity 
rhythm in cockroaches has been shown to 
persist for several months. 

2. The rhythmic nature if this activity 
is characteristically circadian, that is, in 
constant darkness and constant tempera- 
ture the period of the rhythm is significant- 
ly different from 24 hours. 

3. The period of the activity rhythm is 
labile: induced and spontaneous period 
changes are discussed. 

4. The period of the rhythm is tempera- 
ture compensated in the range 20—30°C. 

5. The rhythm persists in constant light 
with the following modifications: (1) the 
period is characteristically lengthened; 
and (2) a secondary peak of activity, about 
10 hours out of phase with the primary 
nocturnal peak, dominates the activity pat- 
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